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ABSTRACT 


This  final  report  (Contract  OCD-OS-62-232)  presents  procedures  and  methodologies 
necessary  to  cvoloate  local  nuclear-attack  hazards  ond  applies  results  to  target  cities;  specifically, 
Tucson,  Arizona  ond  environs  are  the  subject  of  the  pilot  study. 

The  design  concepts  which  have  evolved  from  consideration  of  conceivable  con¬ 
straints  (developed  from  the  evaluations)  are  presented  in  general  form.  Particular  concepts  which  appear 
to  be  most  realistic,  in  light  of  economic  factors,  are  described  in  greatest  detail.  Training  requirements 
are  outlined  for  the  most  desirable  concept.  Technical  material  in  substantiol  detail  is  presented  in  the 
Appendix. 
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SECTION  I.  INTRODUCTION 


A.  Scope  of  the  Report 
I.  Requirement 

This  document  is  the  final  report  on  contract  OCD-OS-62-232,  which  was  awarded  to  the  Univer¬ 
sity  of  Arizona  to  conduct  and  administer,  in  consultation  ond  cooperation  with  the  United  States  Govern¬ 
ment,  a  pilot  study  of  specified  counterforce  defense  systems.  The  objective  has  been  to  develop  procedures 
and  methodologies  for  evaluating  local  hazards  and  to  determine  the  potential  civil  defense  countermeasures 
for  cities  closely  associated  with  military  targets.  Tucson,  Arizona,  and  its  environs,  is  designated  to  be 
the  subject  of  the  pilot  study. 

The  contractor,  using  data  on  targeting,  weapons  system  parameters,  ond  nuclear  effects  supplied 
by  the  Office  of  Civil  Defense,  proceeded  to: 

a.  Define  the  attack  consequences  on  the  pilot  study  area  and  its  environs  including  the  inter¬ 
action  of  the  uses  of  multiple  weapons,  disturbed  airflow  effects  and  fallout  climatology. 

b.  Develop  a  detailed  set  of  plans  for  o  variety  of  feasible  shelter  systems  based  on  a  cost-effec¬ 
tiveness  analysis. 

c.  Identify  the  training  requirements  of  the  proposed  protective  systems. 

2,  Basic  Approach 

The  contract  was  conducted  in  phases  which  corresponded  closely  to  the  following: 

a.  Targeting  analysis 

b.  ’Pertinent  surveys 

c.  Load  predictions 

d.  Evaluations  of  surveys  dijd  loads  on  shelter  requirements 

e.  Conception  of  feasible  shelter  systems 

f.  Evaluation  of  feasible  systems 

g.  Cost-effectiveness  analysis 

h.  Identification  of  training  requirements 

B.  Arrangement  of  Report 

The  report  is  presented  in  two  general  divisions.  The  first  is  the  main  body  of  the  report,  which  is 
generally  non-technicol .  The  second  is  the  Appendix,  which  is  technical  in  noture  and  which  supports 
conclusions  reached  in  the  fint  division.  The  main  body  of  the  report  is  divided  into  five  sections.  Eoch 
of  the  sections,  as  well  as  the  Appendix,  has  individual  organization  and  usefulness  as  an  entity  alone 
and  as  part  of  the  total  report.  The  bulk  of  the  material  is  devoted  to  exposition  of  scientific  and  engin¬ 
eering  detail. 

C.  General  Philosophy 

It  is  psychologically  desirable  to  hope  and  even  believe  that  humanity  ond  its  national  governments 
will  not  again  resort  to  general  war  as  a  solution  to  international  disagreements.  Occasionally  even  the  ' 
most  cynical  observer  may  be  able  to  see  a  chink  of  light  on  this  possibility.  However,  the  historical 
record  of  relations  between  powerful  nations  casts  a  dark  ond  imposing  shadow  over  this  optomlstic,  almost 
naive,  outlook;  and  makes-a  "long-shot"  gamble  out  of  a  living  hope,  the  prevalence  of  which  may  lead 
to  dying  in  despair.  Failure  to  inform  and  protect  the  people  may,  by  hindsight,  appear  to  have  been 
downright  irresponsible  when  one  considers  present  economic  feasibility  of  protection  vs  the  odds  of  a 
sudden  attock.  Both  sides  in  the  cold  war  have  had  occasion  to  rattle  their  "sword  of  Damocles."  The 
odds  are  that  history  will  repeat,  and  both  sides  are  on  record  that  any  general  war  will  be  of  thermonu¬ 
clear  character.  It  is  a  fact' that  the  effects  of  these  weapons  of  destruction  are  not  beyond  human  com¬ 
prehension.  The  threatened  effects  are,  and  always  will  be,  subject  to  engineering  analysis  in  relatively 
conventional  terms. 
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Under  the  worst  predictable  nuclear  attack  circumstances  on  hard-target  urban  areas,  many  will 
survive  the  immediate  blast,  initial  radiological,  and  thermal  effects.  There  is  no  assurance,  however, 
that  these  people  con  survive  later  effects  without  sheltering  facilities.  Therefore,  elemental  human 
compassion,  and  rational  personal  fear  for  self,  family,  nation,  and  humanity  require  that  we  provide 
for  long-term  survival  of  this  group  and  improvement  in  their  numbers.  We  can  improve  their  initiol 
numbers  by  adequate  warning  ond  training.  We  can  improve  their  final  numbers  by  proper  construction 
of  shelters  and  adequate  training  and  direction.  It  Is  a  virtual  certainty  thot  the  vulnerable  modem 
human  who  did  survive  immediately  could  not  continue  to  survive  alone  (or  in  small  numbers)  for  prolonged 
periods  without  the  protective  and  other  services  which  hove  become  o  vital  necessity.  Survival  of  small 
groups  will  depend  largely  on  their  makeup  and  in  general,  such  survival  is  very  low  on  the  probability 
scale. 

The  prediction  that  some  would  survive  is  indicated  by  the  pragmatic  fact  that  an  all-out  attack, 
which  would  immediately  kill  every  last  unsheltered  person.  Is  not  economically  feasible  or  technically 
possible  for  any  present  or  predictoble  enemy.  We  must  not,  therefore,  remoin  or  allow  our  neighbors 
to  remain,  completely  vulnerable  because  of  apathy  or  ignorance. 

The  attack  forces  are  subject  to  reasonably,  precise  determination  and  analysis  in  terms  which  per¬ 
mit  consideration  in  light  of  known  vulnerable  and  protective  factors.  The  present  state  of  the  art  in 
targetiisg  mathematics,  using  corrservative  tactical  and  strategic  postulates  (including  a  large  element  of 
"overkill"  in  any  massed-raid  type  nuclear  strike),  yield  workable  predictions  of  maximum  attack  force 
both  as  to  magnitude  and  location,  (a)  This  data,  together  with  the  fact  that  technical  advances  in  delivery 
system  guidance  have  minimized  the  likelihood  of  "stray  missiles",  make  survival  predictions  much  more 
reliable  ond  definitive. 

Because  of  recent  research  efforts  by  agencies  such  as  the  Department  of  Defense,  planning  and 
preparation  methods  necessory  to  increase  the  rate  of  survival  are  likewise  more  advanced;  and,  whot 
Is  more  important,  they  provide  a  means  whereby  the  Immediate  survivors  can  become  long-term  survivors. 

In  most  cases,  the  attack  can  be  reduced  to  a  monstrous  inconvenience  rather  thon  o  doomsday.  It  is 
true  that  a  limited,  and  generally  predictoble  geographic  area  around  nuclear  bursts  may  remain  unprotected 
from  close-in  effects  by  presently  feasible  shelter  systems.  These  areas  are  In  the  neighborhood  of  a  radial 
mile  or  less  in  surface  distance  from  the  burst  point  of  o  surface  burst  of  megaton  size.  For  areas  o  mile 
or  more  from  this  burst  point,  modem  methods  of  conservative  engineering  analysis  and  design  can  provide 
effective  shelter,  as  far  as  probabilities  of  survival  are  concerned.  Obviously,  the  probable  effectiveness 
improves  as  the  distance  from  the  burst  point  increases. 

Tucson,  Arizona,  is  a  target  city  which,  consistent  with  a  rotionol  targeting  analysis,  may  be  sub¬ 
jected  to  the  effects  of  nearby  surface  bursts  of  10  megaton  weapons  which  are  aimed  at  each  of  the  18 
nearby  Titan  missile  sites,  in  addition  to  a  possible  5  megaton  attack  on  Davis-Monthan  Air  Force  Base 
(a  SAC  base  which  is  a  relatively  softer  target  located  within  two  miles  of  the  approximate  center  of 
population).  The  Tucson  problem  is  considered  a  particularly  difficult  one  in  view  of  the  weight  and 
relative  locations  of  predictable  attack,  and  because  of  the  fact  that  the  usual  urban  facilities  (such  as 
underground  transport  or  utility  systems,  storm  sewers,  etc.)  ore  not  present.  The  population  is  not  os 
densely  concentrated  as  it  is  in  most  urban  areas,  and  yet  the  concentrotlon  is  dense  enough  to  require 
consideration  of  community-type  shelter  systems. 

Scientific  data,  creative  developmental  research,  and  technical  calculations  which  are  included  in 
this  report,  substantiate  that  a  shelter  system  can  be  designed  for  Tucson  which  is  economically  feasible. 

It  is  noted  that:  I)  the  strategic  factors  of  location  and  magnitude  of  the  nuclear-strike  bursts  are  logically 
predictable  for  a  given  target  or  group  of  targets;  2)  the  relative  magnitude  of  engineering  loadings  and 
their  types  are  reasonably  predictable  for  a  given  urban  target  area;  3)  the  worst  existing  situation  of 
human  vulnerability  can  presently  be  offered  protection  by  use  of  flexible  design  in  the  conception  and 
construction  of  shelter  systems.  It  is  likely  that  features  of  the  plans  for  Tucson,  Arizona,  may  be  largely 
applicable  to  any  target  city. 

It  is  noted  that  economic  feasibility  of  any  system  is  greatly  enhanced  by  multi-purpose  planning  on 
a  present  ond  continuous  basis.  Conceivably,  the  purely  shelter  aspects  of  such  a  coordinated  plan  might 
well  become  the  lesser  cost  of  all  items  to  be  considered,  in  on  ideally  coordinated  plan.  In  the  final 


(a)  “Strategy  For  Survival,"  Martin- Latham,  University  of  Arizona  Press,  Tucson,  Arizona,  1963. 


analysis,  such  a  plon  could  pay  its  own  way  even  if  the  attock  should  become  less  likely  or  even  if 
shelter  should  become  unnecessary.  The  multitude  of  shored-use  methods  which  could  be  devised  are 
only  limited  by  the  imagination  and  cooperative  spirit  of  local  planning  agencies.  No  doubt  the  prag¬ 
matic  political  and  economic  considerations,  which  most  be  considered,  will  tend,  to  minimize  future 
fruitful  realizotion;  but  speculation  on  the  theoretical  potential,  is  quite  interesting. 

The  research,  of  which  this  document  serves  os  o  finol  report,  is  not  concerned  specifically  with 
ony  single  topic  to  the  exclusion  of  all  others.  It  is,  however,  an  investigotion  of  possible  ways  In  which 
eoch  effect  may  be  considered  in  the  ultimate  conception  of  feasible  shelter  systems  for  target  areas.  Tjie 
conception  and  subsequent  evaluation  of  such  systems  represent  the  final  step  in  the  application  of  the 
fruits  of  research  to  the  planned  protection  of  population  and  related  functions  in  an  emergency.  It  is  this 
type  of  research,  that  of  systems  evaluation,  which  is  considered  by  the  authors  to  be  most  urgently  needed 
at  the  present  time. 

Each  local  problem  is  unique  in  many  ways,  but  the  instant  study  suggests  solutions  which  will  be 
worth  consideration  by  any  urban  area  which  Is  threatened  by  the  grand  incidents  of  nuclear  attack: 
initial  effects  and  lingering  fallout  radiation.  The  study  has  suggested  solutions  to  many  facets  of  the 
general  problem  in  which  both  active  and  passive  constraints  are  considered.  In  the  course  of  investigation 
and  analysis,  the  staff  has  had  occasion  to  consider  the  shelter  design  problem  in  more  refined  detail  so  as 
to  apply  techniques  to  the  solution  which  may  not  hove  seemed  apparent  at  earlier  generalized  levels  of 
considerotion. 
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SECTION  II 


CONSTRAINTS  FOR  TYPICAL  SITUATIONS 

A.  General 

B.  Technical  Constraints 

1.  Targeting 

2.  Loadings 

a.  Overpressure  ■ 

b.  Grourid  thotion 

c.  Initiol  nocleor  radiation 

d.  Thermal  radiation 

e.  Fallout  radiation 

3.  Surveys 

a.  Population  density  . 

b.  Terrain  and  topographyi  ' 

c.  Water  supply 

d.  Waste  disposal 

e.  Location  of  schools,  hospitals,  etc. 

f.  Existing  shelter  spiace 

C.  Non-Technical  Constraints 

1.  Psychological 

2.  Survivor  Characteristics 

3.  Coordinated  Shelter  plan 


SUMMAiiY 

This  section  of  the  report  states  the  counterforce  civil  defense 
system  problem  in  terms  of  constroints  which  must  be  considered  os  design 
criteria.  The  constraints  are  deliniated  as  techriical  and  noh-tiichnical. 
The  technical  are  generally  those  which  readily  permit  numerical  analysis 
whereas  the  non-technical  do  not  readily  permit  numerical  analysis. 

An  attempt  is  made  to  present  the  problem  clearly  and  in  enough  detail  to 
virtually  dictate  the  solutions  which  follow  in  the  next  section.  T 

t 
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Figure  2-1.  Target  Locations 


SECTION  II.  CONSTRAINTS  FOR  TYPICAL  SITUATIONS 


A.  General 

The  creation  of  shelter  systems  for  the  protection  of  people  in  event  of  thermonucleor  attack  is  a 
major  element  in  the  development  and  integration  of  a  civil  defense  program.  Although  it  is  possible—  '• 
from  a  technical  standpoint — to  design,  construct,  and  equip  reasonably  adequate  shelters,  civil  defense 
is  a  system  complex  which  has  many  interdependent  problem  areas.  Each  of  these  impose  constraints  which 
mutually  impinge  as  limitations  on  the  whole  as  well  as  on  each  area  of  consideration.  Therefore,  the 
system  approach  is  vital  in  order  to  maintain  praper  perspective.  We  begin  by  assessing  the  problem  in 
terms  of  all  the  important  constraints  which  ore  inherent  in  human  as  well  as  engineering  and  economic 
considerations. 

Among  other  things,  the  ability  of  the  enemy  to  mount  his  attack  is  a  constraint.  This  constraint 
must  be  recognized  as  limited  by  economic  factors,  and  in  part,  the  character  of  our  array  of  retaliatory 
weapons  which  this  enemy  must  disable  in  order  to  protect  himself.  For  example,  a  port  of  our  retaliation 
system  consists  of  hardened  underground  ballistic  missile  installations.  The  resistant  character  of  these 
weapons  (in  their  silos)  will  likely  cause  the  enemy  to  plan  to  expend  certain  numbers  of  his  weapons  on 
each  target  complex.  Furthermore,  because  of  the  immediate  destructive  capability  of  this  portion  of  our 
retaliatory  system,  we  may  postulate  that  any  attack  will  be  such  that  the  first  lethal  effects  of  blast,  fire, 
and  initial  radiation  will  be  largely  confined  to  areas  within  2-3  radial  miles  from  such  military  installa¬ 
tions.  This  sort  of  a  possibility  provides  the  basis  from  which  numerical  levels  of  constraint,  in  the  form  of 
weapons  effects  for  these  target  areas,  may  be  generated. 

The  damage  and  casualties  that  may  be  expected  in  urban  areas  associated  with  military  targets  may 
be  coused  by  active  constraints  such  as:  blast,  initial  thermal  and  nuclear  radiation,  and  radiation  from 
fallout.  The  probable  magnitudes  of  these  effects  can  be  predicted  by  methods  similar  to  those  presented 
in  port  B  of  the  Appendix  to  this  report.  The  magnitude  and  number  of  sources  of  these  loadings  can  be 
predicted  by  methods  similar  to  those  presented  in  part  A  of  the  Appendix. 

The  Items — things,  people,  and  institutionally  valuable  entities  which  are  to  be  protected  are  passive 
constraints  and,  therefore,  must  be  surveyed  and  stated.  The  effects  and  the  stated  items  then  must  be 
considered  for  their  vulnerability  in  order  to  determine  survivability.  The  predictions  from  this  considera¬ 
tion  form  the  input  to  an  engineering  anolysis,  which  is  necessary  in  order  to  design  on  adequate  shelter 
system  and  recovery  plan. 

B.  Technical  Constraints 

These  constraints  are  those  which  in,general,  are  subject  to  numerical  determination  before  the  event. 
They  involve  such  general  areas  as  torgeting,  loadings,  and  surveys. 

1.  Targeting 

Procedures  which  may  be  used  to  develop  numerical  values  of  these  constraints,  were  presented 
in  the  first  quarterly  progress  report  on  contract  OCD-OS-62-232.  A  brief  presentation  of  this 
approach  is  found  in  part  A  of  the  Appendix  to  this  report.  The  general  procedure  is  given  in 
the  text,  "Strategy  For  Survival"  by  Thomas  L.  Martin,  Jr.,  published  by  the  University  of  Arizona 
press. 

The  results  of  such  a  torgeting  onalysis  as  applied  to  Tucson,  are  shown  in  Figure  2-1.  They  are 
generated  in  part  A  of  the  Appendix.  It  will  be  observed  that  the  Tucson  area  may  expect  one  10 
MT  surface  burst  on  each  of  the  18  Titan  II  sites  which  surround  the  city.  In  addition  to  this  barrage, 
it  is  likely  that  the  SAC  base,  Davis-Monthon  Air  Force  Base,  will  receive  a  5  MT  surface  burst. 
Obviously,  these  decisions  are  subject  to  some  argument  which  stems  lorgely  from  lethal  radius  and 
CEP  assumptions.  For  purposes  of  this  study,  it  is  assumed  thot  they  are  realistic  and,  in  fact, 
correct. 

2.  Loadings 

Before  o  discussion  of  these  types  of  controints,  it  is  necessary  to  identify  which  types  of  loadings 
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are  deemed  pertinent.  The  following  were  considered  most  pertinent: 

Overpressure 
Ground  motion 
Initial  nuclear  rodiotion 
Thermal  radiation 
Fallout  radiation 

The  reoder  is  referred  to  the  latest  addition  of  the  "Effects  of  Nuclear  Weapons"  for  a  description 
and  definition  of  these  various  effects. 

a.  Overpressure 

For  civil  defense  planning,  it  is  necessary  that  probabilities  be  introduced  when  con¬ 
sidering  loadings  such  as  overpressure.  It  is  not  economically  feasible  to  consider  the 
design  of  shelter  system*  for  a  magnitude  of  this  constraint  which  is  associated  with  a 
100%  reliability  of  this  magnitude  not  being  exceeded  at  the  point  in  question.  In  other 
words,  civil  defense  planners  should  never  be  forced  to  produce  designs  which  are 
guaranteed  to  be  absolutely,  or  100%  effective.  It  is  much  more  realistic  to  consider 
overpressure  constraints  which  ore  in  the  neighborhood  of  90%  reliable  as  far  os  their 
probability  of  occurrence  is  concerned.  As  an  exampir.  of  the  reason  for  this  decision, 
consider  the  curve  shown  in  figure  2-2.  This  curve,  which  is  typical,  presents  the 
proboble  upper  limit  on  blast  overpressure  at  a  point  4.0 miles  from  a  5  megaton  surface 
burst.  Note  that  there  is  a  50%  probability  that  the  maximum  overpressure  will  be  7 
psi,  or  less  at.the.point  in  question.  There  is  an  80%  probability  that  it  will  be  8.5 
psi  or  less  at  this  same,  point.  The  curve  breaks  rather  sharply  above  the  90%  level, 
thus  it  seems  uneconomical  and  undesirable  to  consider  design  overpressures  in  excess  of 
those  required  by  a  90%  probability  of  reliability  analysis.  The  full  set  of  curves,  from 
which  this  typical  one  wos  taken,  are  included  in  port  B  of  the  Appendix. 

Using  corves  similar  to  that  in  figure  2-2,  contours  may  be  drawn  which  indicate  proboble 
conservative  design  overpressures  for  oil  points  surrounding  a  target.  This  process,  applied 
to  the  Tucson  situation,  results  in  the  overpressure  contours  shown  in  figure  2-3.  This 
figure  shows  the  overpressures  that  have  a  90%  chonce  of  being  conservative  if  Davis- 
Monthan  receives  a  5  MT  surface  bunt.  The  weapon  is  assumed  to  be  delivered  by  a  system 
with  a  one  mile  CPE.*  It  will  be  observed  that  the  effects  of  the  10  MT  surface  bursts  on 
the  Titan  sites  are  also  plotted  on  this  figure.  The  only  burst  which  has  a  noticeable  effect 
on  the  map  shown,  is  the  one  on  the  site  immediotely  northwest  of  the  city. 


Figure  2-2.  Design  Effectiveness 

*CPE  is  used  in  this  context  as  o  general  term  meaning  circular  probable  error;  it  is  often  stated  as  CEP. 
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OVERPRESSURE  FOR  90%  PROBABILITY  OF  RELIABILITY  FOR 
A  5  M.T.  SURFACE  BURST  ON  DAVIS  MONTHAN  AIR  FORCE  BASE 
AND  A  10  M.T  SURFACE  BURST  AT  THE  TITAN  SITES 


Figure  2-3.  Probability  of  Reliability  Corftours 
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b.  Ground  moHon 

These  constraints  ore  extremely  difficult  to  predict  with  any  great  reliability.  There 
.  are  various  methods  in  existence— each  of  which  involves  many  simplifying  assumptions 
0$  to  the  soil  medium  ond  its  behavior  under  dynamic  loadings  of  the  intense  magnitude 
associated  with  nucteor  bursts,  in  the  process  of  this  phose  of  the  current  investigation, 
a  computer  program  was  developed  which  essentially  uses  the  same  approach  as  that 
presented  in  the  Air  Force  Design  Manual. (b)  Inasmuch  as  this  approach  neglects  the 
effects  of  the  inertial  resistance  of  the  soil  to  the  dynamically  applied  loading,  values 
^  generated  are  likely  upper  bounds  to  the  actual  values.  Part  6  of  the  Appendix  dis¬ 
cusses  the  specifics  of  this  phase  of  the  problem.  Figures  2-4  through  2-6  respectively, 
present  possible  accelerations ,  velocities,  and  vertical  displacements  for  the  ground 
surface  in  and  around  Tucson. 


SURFACE  DUE  TO  A  5MT.  OPTIMUM  AIR  BURST  ON 
DAVIS  MONTHAN  AIR  FORCE  BASE 

Figure  2-4.  Peak  Vertical  Acceleration 


(b)  Air  Force  Design  Manual,  Principles  and  Practices  For  Design  of  Hardened  Structures.  AFSWC-TDR- 
62-138. 
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c.  Initiol  nuclear  radiation 

When  consideration  is  given  to  close-in  effects,  os  is  necessary  in  the  development 
of  shelter  systems  for  cities  closely  associoted  v/ith  military  targets,  it  is  appropriate 
to  evaluate  the  constraint  imposed  by  initial  nuclear  radiation.  It  is  this  active  con¬ 
straint  which  may  cause  certain  moteriols  in  the  immediate  vicinity  of  the  burst  to 
later  emit  gamma  radiation  not  unlike  that  from  fallout  itself. 

The  sources  of  radiation  resulting  from  o  nuclear  burst  include  both  neutrons  and 
gammo  rays.  The  initial  reactions  which  emit  this  radiation  take  place  within  a 
fraction  of  a  microsecond;  some  persist  over  long  periods  after  the  burst  and  are 
scattered  or  radiated,  from  atoms  outside  the  bomb  debris.  In  excess  of  90%  of  both 
the  neutrons  and  gamma  rays  are  captured  or  absorbed  within  the  bomb  itself;  even  so, 
the  remainder  that  escapes  creates  large  doses  outside  the  bomb.  Further,  gamma  rays 
result  from  the  capture  of  neutrons  in  nitrogen  atoms  In  the  air  which  give  gamma  ray 
emission  about  13%  of  the  time.  These  gommo  rays  hove  energies  up  to  10  mev  and  are 
more  penetrating  than  the  primary  gamma  rays  resulting  from  the  bomb  burst  itself.  All 
of  this  form  of  activity  is  restricted  to  regions  in  the  immediote  vicinity  of  the  burst  and 
allow  a  radially  symmetric  definition.  Port  B  of  the  Appendix  presents  technical  pre¬ 
dictions  of  this  constraint  phenomena.  Figure  2-7  shows  the  total  dose  in  rads  which 
would  be  received  in  on  unprotected  environment  at  various  points  In  the  Tucson  vicinity 


INITIAL  WHOLE  BODY  NUCLEAR  RADIATION  FOR  A  5  MT 
OPTIMUM  AIR  BURST  ON  DAVIS  MONTHAN  AIR  FORCE  BASE 


Figure  2-7.  Initial  Radiation  Contours 
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d.  Thermal  radiation 

In  addition  to  overpressure  and  Initiol  nuclear  radiation,  thermal  radiation  offers  an 
Imposing  constraint  on  the  system.  The  explosion  of  a  nuclear  weapon  results  In  the 
creation  of  extremely  high  temperatures  in  the  fireball.  Since  the  amount  of  energy 
which  Is  thermally  radiated  by  a  hot  object  varies  as  the  fourth  power  of  the  temperature, 
a  nuclear  bomb  radiates  a  proportionately  large  fraction  of  Its  energy  producticm. 

This  energy  Is  called  the  thermal  radiation.  This  energy  Is  emitted  In  a  pulse,  the 
length  of  which  depends  on  the  size  of  the  explosion.  This  pulse  can  Iw  up  to  30 
seconds  long  for  bombs  In  the  megaton  range.  The  intensity  of  the  radiated  energy 
decreases  as  an  observer  moves  away  from  the  burst.  Typical  levels  ore:  for  a  5 
megaton  bomb  and  50  mile  visibility,  3  calories  per  square  centimeter  at  30  miles, 
and  12  calories  per  square  centimeter  at  15  miles.  Three  calories  per  square  centimeter 
is  sufficient  to  Ignite  newspaper  and  dark  rayon  clothing,  or  bum  exposed  skin.  A 
radiation  level  of  12  calories  per  square  centimeter  will  Ignite  heavy  paper,  tree  leaves, 
and  cotton  cloth.  See  Figure  2-8. 

The  exact  results  depend  on  the  type  of  material,  ils  thickness,  the  humidity  of  the 
air,  the  duration  of  the  radiant  pulse,  and  the  ctensity  of  the  atmosphere.  A  layer  of 
clouds,  haze,  smog,  or  smoke  will  act  to  shield  the  radiation  in  a  manner  analogous 
to  this  effect  on  visible  light.  The  color  of  an  object  will  also  offect  its  response; 


si 


THERMAL  RADIATION  FROM  A  5MT.  OPTIMUM  AIR 
BURST  ON  DAVIS  MONTHAN  AIR  FORCE  BASE 
Figure  2-8.  Thermal  Radiation  Contours 
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dark  objech  being  more  easily  ignited  than  light  colored  ones.  Thus,  a  painted 
frame  house  will  be  less  likely  to  bum  than  an  unpointed  one.  Plastic  materials 
will  tend  to  smoke  and  boil,  but  will  not  bum. 

In  any  event,  prolonged  burning  is  not  likely  with  most  surfaces,  rather  they  will 
tend  to  char  and  smoke,  and  then  will  snuff  out  as  soon  as  the  fireball  cools.  An 
exception  would  probably  be  dry  wooded  areos  in  which  mony  small  fires  could  be¬ 
come  well  developed  during  the  30  second  life  of  the  thermal  radiation  pulse. 

Thermal  radiation  contours  were  generated  for  the  Tucson  case  and  are  presented  in 
figure  2-8.  Methods  that  were  used  in  predicting  these  values  are  contained  in  port 
B  of  the  Appendix. 

e.  Fallout  radiation 

The  last  active  constraint  which  is  a  direct  effect  of  the  nuclear  burst  is  that  of  fall¬ 
out  radiation.  The  general  nature  of  reliable  predictions  of  the  magnitude  of  this 
effect  is  well  explained  in  Rand's  publication,  "Close-in  Fallout"  and  James  E. 
McDonald's  treatment  of  the  subject  In  the  journal  of  the  Academy  of  Science,  August, 
1961.  An  adaptation  of  this  approach  is  presented  in  part  B  of  the  Appendix  to  this 
report. 

Because  of  the  nature  of  interaction  effects,  it  is  unrealistic  to  attempt  to  plot  precise 
fallout  radiation  contours  In  advance  of  the  occurrence.  It  Is,  however,  deemed 
sufficient  to  indicate  that,  as  presented  in  the  Appendix,  one-hour  dose  rotes  may  be 
expected  In  the  vicinity  of  10,000  to  100,000  r/hr.  It  Is  significant  to  note  that  there 
will  be  regions  In  which  little  fallout  will  be  present.  There  also  will  be  regions  in 
which  tremendous  amounts  will  be  deposited.  Such  regions  generally  defy  reasonable 
predictions  in  spite  of  the  intricacies  of  the  analysis. 
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3.  Surveys  { -^ 

V,  ■ 

Surveys  ore  technical  constraints,  the  mognitudes  ofT^idh  moy  be  determined  by  collection  of 
existing  data  from  various  readily  available  sources.  Categories  o^  these  (constraints  considered  pertinent 
to  this  study  are:  ^ 


Location  of  targets 

Population  density 

Weather  patterns 

Terrain  and  topography 

Water  supply 

Waste  disposal 

Soil  characteristics 

Existing  shelter  space 

Location  of  schools,  hospitals,  etc. 


The  results  of  certain  of  these  surveys  are  included  with  other  moteriol  in  various  portions  of  this 
report.  For  example,  the  location  of  targets  was  presented  in  the  targeting  section  of  loadings.  Weather 
patterns  were  considered  in  the  material  associated  with  fallout  prediction;  The  soil  characteristics  are 
considered  in  the  ground  motion  predictions.  Therefore,  this  discussloti  will  consider  only  the  following 
survey  results  which  are  not  presented  elsewhere  In  this  report:  V' 


Population  density 

Terrain  and  topography 

Water  supply 

Waste  disposal 

Existing  shelter  space 

Location  of  schools,  hospitals,  etc. 

a.  Population  density 

It  is  obviously  necessary  to  locate  the  population  if  realistic  decisions  on  sheltering  are  to  be 
made.  Because  of  the  mobile  nature  of  this  population,  exact  predictions  of  the  specific 
location  of  all  persons  at  a  given  instant  is  not  possible.  Probabilities  would  indicate,  how¬ 
ever,  that  the  location  of  these  people  would  be  bounded  by  the  night-time  distribution 
(perhaps  the  most  dispersed)  and  by  the  noon-time  distribution  on  the  other  end  of  the  spectrum 

If  the  ultimate  shelter  system  incorporates  a  degree  of  flexibility  in  its  design,  to  the  extent 
of  allowing  rapid  adjustment  in  shelter  assignment  or  protected  motion  after  the  attack,  then 
this  exact  location  of  the  population  becomes  less  important. 


'/ 

I 


2-11 


For  Tucson,  the  present  population  motrix  is  as  shown  in  Figure  2-9.  The  future  population 
situation  in  Tucson,  one' of  the  nation's  fastest  growing  cities,  is  anyone's  guess.  For  1973, 
the  best  predictions  ^hot  are  available  at  the  present  time  ere  indicated  on  Figure  2-10. 
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Figure  2-10.  Predicted  Population  Den5ity-I973 


b.  Terrain  and  topography 

Terrain  and  topography  affect  the  immediate  levels  of  initial  radiaton,  thermal  radiation, 
blast  overpressures,  fallout  distribution  (to  some  extent),  and  ground  motion.  Unfortunately 
there  is  no  direct  rational  quantitative  procedure  which  permits  the  full  evaluation  of  the 
extent  of  this  effect  on  each  active  constraint  cited. 

The  most  obvious  way  in  which  such  an  item  affects  these  constraints  is  qualitatively 
noticed  by  observing  the  direct  shielding  that  hills  and  mountains  offer  to  any  effect  which 
radiates  linearly  from  the  burst  itself,  i.e.,  thermal  and  initial  nuclear  radiation.  The  less 
obvious  ways  are  those  in  which  the  surface  irregularities  attenuate  magnitudes  of  blast 
overpressures,  create  irregular  fallout  depositior^and  modify  ground  motions. 

Contours  which  indicate  some  of  the  outstanding  features  of  the  mountainous  terrain  around 
Tucson  are  shown  in  Figure  2-11.  Note  the  shielded  "slot"  from  Tucson  to  Redington. 


Figure  2-11.  Terrain  and  Topography 


c.  Water  supply 

Adequate  supplies  of  potable  water  ore  o  necessory  component  of  any  shelter  system.  Be¬ 
cause  of  the  long-term  sheltering  requirements  for  target  areas,  and  because  of  the  possible 
heavy  deposition  of  fallout  in  open  reservoirs,  an  underground  water  source  is  most  desirable 

These  same  long-term  requirements  preclude  the  possibility  of  providing  this  underground 
supply  from  simple  storage  tanks,  because  of, the  quantities  of  water  that  would  ultimately 
be  required.  If  decontamination  is  incorporated  into  the  plan,  large  quantities  of  water 
in  addition  to  that  used  for  the  life  support  system,  may  be  required.  It  would  thus  seem 
that  the  most  practical  source  of  water  for  all  of  these  applications  would  be  from  wells. 

Tucson  obtains  all  of  its  water  from  wells  which,  in  general,  will  remain  uncontaminated 
as  far  as  fallout  radiation  is  concerned.  After  a  survey  of  several  sources  of  available  data 
for  depth  to  ground  water  for  the  Tucson  situation,  it  was  found  that  the  most  accurate  and 
desirable  source  was  that  obtained  from  the  Department  of  Agricultural  Engineering,  the 
University  of  Arizona.  Individual  annual  well  records  were  examined  and  static  water 
level  elevations  were  compared  to  surface  elevations  at  the  well  site.  Well  data  for  the 
entire  Santa  Cruz  Valley  were  analyzed.  With  a  map  of  well  locations  and  their  indivi¬ 
dual  depths,  a  thirty-foot  water-level  contour  was  drawn.  This  information  is  presented  as 
the  shaded  area  on  the  map  shown  in  Figure  2-12.  The  area  prescribed  as  having  a  water 
table  level  of  thirty-foot  depth  or  less  can  be  seen  to  border  parts  or  all  of  Rillito,  Agua 
Caliente,  Tanque  Verde,  and  Rincon  creeks.  In  the  past,  water  in  this  shaded  region  has 
not  been  particularly  potable  because  of  organic  surface  contamination  but,  in  an  emergency 
this  region  would  provide  large  quantities  of  useable  water  at  economical  pumping  heads. 


Figure  2-12.  30  Ft  Water  Table  Contour 
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d.  Waste  disposal 

The  disposal  of  waste  cao  be  a  minor  problem  If  existing  sonitaiy  sewers  remain  intact. 

In  general,  this  should  be  accomplished  in  regions  where  peak  blast  overpressures  ore 
under  15  psi.  Pumping  waste  Into  these  sewers  will  create  surface  probletro  , 

points,  but  such  problems  are  deemed  relatively  insignificant  when  considered  in  the  light 
of  the  other  particulars  of  the  emergency  situation. 

It  is  further  observed  that  a  broken  sonitary  sower  will  continue  to  function,  1^  “  ?  ^  , 
seepage  bed,  if  sewage  is  pumped  into  it  under  pressure.  For  Tucson,  it  may  be  assumed 
that  regions  In  which  the  peak  blast  overpressures  are  predicted  to  be  less  than  15  fW'/  ^ 
generally  In  the  northern  part  of  the  city,  are  those  in  which  existing  sanitary 
L  used.^  In  addition  to  this,  useable  data  on  the  probable  stotic  overpressure  resistance  o 
all  sewers  In  the  Immediate  vicinity  of  schools  are  presented  in  table  2-\. 


SCHOOL 

LOCATION 

(Sr.  HigM 

Cololino 

3645  E.  Pin>o 

Palo  Verde 

1302  S.  Avenido  Vego 

Pueblo 

3500  S.  12th  Avenue 

Rineort 

422  N.  Areodlo  Blvd. 

Tucson 

400  N.  2nd  Avenue 

(Jr.  High) 

Ooolen 

2400  N,  Country  Club 

MonTlield 

1300  E.  6th  Street 

Noylor 

1701  S.  Columbus 

Roskroge 

500  E.  6th  Street 

So  (ford 

300  S.  5th  Avenue 

Spring 

300  W.  2nd  Street 

Townsend 

2120  N.  Beverly 

Utterbock 

3233  S.  Pinal  Vista 

Volt 

5350  E.  16th  Street 

Wakefield 

400  W.  44th  Street 

(Elementory' 

Blenmon 

1600  N.  Country  Club 

Bonillas 

4711  E.  16th  Street 

Borton 

700  E.  22nd  Street 

Brown 

1705  N.  Sohuoro 

Corillo 

440  S.  Moin 

Coveff 

2120  E.  Noco  Visto 

Corbett 

5949  E.  29th  Street 

Crogin  . 

2945  N.  TucsOn  Blvd. 

Dovidson 

3260  N.  Alvermn 

Dovis 

500  W.  St.  Mory's  Rood 

Drocbmon 

549  S.  Convent 

Ojffy 

5145  E.  5th  Street 

Fort  Lowell 

5151  E.  Pimo 

Govt,  Hts. 

150  W.  Ajo  Way 

Ho''lQdoy 

1110  E.  33rd  Street 

Hfwell 

401  N.  Irving  Avenue 

Howenstine 

2131  E.  Winsett  Blvd. 

Hodlow 

6900  E.  5th  Street 

Hughes 

700  N.  Wilson  Avenue 

Jefferson  Pork 

1701  E.  Seneco 

Keen 

3538  E.  Ellington  PI 

Kellond 

6606  E.  Lehigh  Dr. 

Lineweover 

461  S.  Bryant  Ave. 

Lynn 

1573  W.  AjoWoy 

Monio 

1301  W.  Ontario 

Menlo  Pork 

IIOOW.  Fresno 

Miles 

1400  E.  Broadway 

TABLE  2-1 


NEAREST  SEWER 

SIZE 

TYPE 

LOCATION  (inches) 

_ 

Palo  Verde  Blvd. 

10 

VCP* 

22nd  Street 

10 

VCP 

S.  12th  Avenue 

12 

VCP 

Swan  Road 

8 

VCP 

6th  Street 

8 

VCP 

N.  Country  Club 

10 

VCP 

7th  Street 

8 

VCP 

S.  Columbus 

8 

VCP 

6th  Street 

8 

VCP 

13th  Street 

8 

VCP 

Moin  Street 

14 

VCP 

Beverly 

8 

VCP 

1st  Alley  west  of  Pinol  Visto 

8 

VCP 

Croycroft  Road 

10 

VCP 

44th  Street 

12 

VCP 

Bentley  Avenue 

3 

VCP 

Swan  Rood 

8 

VCP 

22nd  Street 

8 

VCP 

Waverly  Street 

6 

VCP 

Soman  leGo  Street 

8 

VCP 

Noco  Visto 

8 

VCP 

Sahuaro  Avenue 

8 

VCP 

N.  Tucson  Blvd, 

21 

VCP 

Ft.  Lowell  Rood 

8 

VCP 

Moin  Street 

30 

CP  * 

|7th  Street 

8 

VCP 

Rosemont  Blvd. 

15 

VCP 

Rosemont  Blvd, 

18 

VCP 

W.  Ajo  Woy 

8 

VCP 

34th  Street 

8 

VCP 

Holmes  Street 

8 

VCP 

E.  16th  Street 

6 

VCP 

E.  4th  Street 

VCP 

E.  4th  Street 

8 

VCP 

Warren  Avenue 

12 

VCP 

Ellington  Pi , 

6 

VCP 

Lehigh  Dr. 

6 

VCP 

Columbus  Blvd. 

8 

VCP 

Phoebe  Avenue 

4 

CP 

St.  Clair  Street 

8 

VCP 

W.  Fresrso 

8 

VCP 

12th  Street 

21 

VCP 

U 

o 

CD 

Ultimo  fe 

Allowable 

COVER 

LOAD 

LOAD 

OVERPRESSURE 

(feeti 

(Ib/ft) 

(Ib/ft) 

(psi) 

8.5 

1,150 

2,200 

12.1 

8.4 

1,130 

2,200 

9.3 

4.0 

720 

2,480 

11.8 

4.1 

720 

2,200 

10.3 

9.3 

1,180 

2,200 

8.2 

5.0 

840 

2,200 

10.7 

8.8 

1,150 

2,200 

15.2 

11.3 

1,250 

2,200 

22.0 

9.3 

1,180 

2,200 

8.2 

5,6 

650 

2,200 

14.2 

9.0 

1,150 

2,850 

19.8 

7.9 

1,100 

2,200 

8.1 

5.1 

840 

2,200 

10.7 

9.3 

1,180 

2,200 

8.2 

11.3 

1,250 

2,480 

50.0 

8.2 

1,100 

2,200 

14.7 

2.8 

553 

2,200 

9.5 

6.7 

1,080 

2,200 

13.9 

5.7 

910 

2,200 

8.3 

10.7 

1,300 

2,200 

7.6 

6.1 

1,030 

2,200 

8.1 

6.6 

985 

2,200 

8.1 

5.9 

1,120 

4,235 

16.5 

7.2 

1,030 

2,200 

8.1 

10.3 

4,150 

4,450 

2.4 

5.8 

913 

2,200 

8.3 

7.7 

1,080 

3,025 

24.  1 

•  6.8 

1,000 

3,630 

18.3 

6.7 

1,000 

2,200 

8.3 

5.9 

936 

2,200 

11.9 

5.  1 

865 

2,200 

10.8 

Unovoilable 

2,200 

Unovoiloble 

2,200 

6.2 

960 

2,200 

12.3 

2.5 

504 

2,480 

10.4 

10.  1 

1,230 

2,200 

18.7 

11.2 

1,250 

2,200 

20.6 

7.1 

1,030 

2,200 

13.1 

7.6 

1,300 

50. fh 

5.0 

840 

2,200 

8.4 

6.3 

960 

2,200 

8.3 

9.4 

1,820 

4,230 

19.7 
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TABLE  2-1  continued 


Depth  of  Backfill 

Ultimate  Allowable 

SCHOOL 

LOCATION 

NEAREST  SEWER 

SIZE 

TYPE 

COVER 

LOAD 

LOAD 

OVERPRESSURE 

LOCATION 

(inches) 

(feet) 

(Ib/ft) 

(Ib/ft) 

(psi) 

Mission  View 

2600  S.  8th  Avenue  ' 

S.  8th  Avenue 

8 

VCP 

7.2 

1,820 

2,200 

4. 1 

Myers 

5000  E.  Andrew 

Rosemont  Avenue 

8 

VCP 

5.7 

864 

2,200 

8.3  ■ 

Ochoa 

101  W.  25th  Street 

8th  Avenue 

12 

VCP 

7,8 

1,080 

2,480 

to;  1 

Pueblo  Gordens 

2210  E.  33rd  Street 

Plumer  Avenue 

6 

CP 

7,1 

1,820 

2,200 

4.  1 

Richey 

2209  N.  15th  Avenue 

N.  15th  Avenue 

6 

VCP 

9. 1 

1,150 

2,200 

16.6 

Roberts 

4355  E.  Calle  Aurora 

Columbus  Blvd. 

8 

VCP 

ia6 

1,250 

2,200 

18.3 

Robison 

2745  E.  18th  Street 

Winsett  Blvd, 

8 

VCP 

5.9 

938 

2,200 

II  .8 

Rogers 

6000  E.  15th  Street 

Directly  S.  of  school 

8 

VCP 

ll.l 

1,270 

2,200 

20.2 

Roosevelt 

1201  N.  9th  Avenue 

Helen  Street 

8 

VCP 

la  2 

1,230 

2,200 

17.7 

Rose 

800  W.  Michigan  Drive 

ISth  Avenue 

8 

VCP 

5.6 

890 

2,200 

11.4 

Sewell 

425  N.  Sahuora 

Chontilly  Drive 

8 

VCP 

5.0  . 

840 

2,200 

10.7 

Tally 

1701  W.  El  Rio  Or. 

El  Rio  Dr. 

6 

VCP 

6.9 

1,030 

2,200 

12.7 

Univ.  Hts, 

1201  N.  Pork  Ave. 

Mabel  Street 

8 

VCP 

10.0 

1,250 

2,200 

19.4 

Van  Buskirk 

725  E.  Fair  Street 

Fair  Street 

8 

VCP 

2.2 

432 

2,200 

8.8 

Wheeler 

1818  S,  Aven,  Del  Sol 

Calle  Castor 

8 

VCP 

8.4 

1,130 

2,200 

14.9 

Whitmore 

S3X  E.  Glenn 

Glenn 

8 

VCP 

6.5 

985 

2,200 

12.4 

V/right 

4311  E.  Linden  Street 

Seneca  Street 

8 

VCP 

6.5 

985 

2,200 

12.4 

... 

End  District  1 

Laguna 

5001  N.  Shannon  Road 

Jaynes  Station  Rood 

12 

AC -240 

t  .0 

1,250 

3,300 

44.5 

Davis 

4250  N .  Romero  Road 

Romero  Road 

30 

CP 

16.0 

2,800 

4,460 

22.6 

V.tetmore 

701  W.  Wetmore  Road 

Wetmore  Rood 

24 

CP 

9.7 

1,840 

3,960 

17.8 

Cotolino  Foothills  Rivor  Rood 

Septic  Tank 

Wrightstown 

8950  E.Wrightstown  Road 

Septic  Tank 

Tonque  Verd« 

Tonque  Verde  Rd, 

Septic  Tonk 

FicUett 

7240  E.  Calle  Aurturo 

Kolb  Rood 

6 

VCP 

Unknown 

White 

2315  W.  Conodo 

Conada  St. 

8 

VCP 

5.6 

840 

2,200 

11.8 

Briehto 

1501  N.  Silverbell 

Golden  Hills  Rood 

8 

VCP 

6.5 

985 

2,200 

12.4 

Dietz 

1801  S.  Turquoise 

Vista  Palma  Drive 

6 

VCP 

7.4 

1,060 

2,200 

13.  2 

Liberty 

5101  S.  Liberty  Ave. 

S.  Liberty  Ave. 

8 

VCP 

4.9 

840 

2,200 

10,7 

Mission  Monor 

Santo  Clara  and  Sonto  Roso 

Santo  Rosa  Road 

10 

VCP 

7.9 

1,100 

2,200 

14.  1 

Sunnyside  Sr. 

1725  E.  BIlby  Rd. 

Bilby  Rd. 

8 

VCP 

9.3 

1,180 

2,200 

16.9 

Sunnyside 

250  E.  Volencio  Rd. 

Valencia  Rd. 

12 

VCP 

8.2 

1,100 

2,475 

18.  4 

Ronchitos 

G  inter  Rood 

Seors  Blvd. 

8 

VCP 

4.3 

1,190 

4,180  . 

II 

Flowing  Wells 

3725  N. Flowing  Wells  Rd. 

Prince  Rood 

27 

CP 

4.3 

1,190 

4,180 

II 

Frons 

1456  W.  Prince  Rd. 

Prince  Rood 

27 

CP 

5.5 

1,460 

4,180 

11.2 

Horelson 

826W.  Chopola  Drive 

Magee  Road 

6 

VCP 

4.4 

768 

2,860 

14.8 

Nosh 

515  W.  Kelso 

Tipton  Drive 

6 

VCP 

5.5 

888 

2,200 

15.2 

Keeling 

435  E.  Glenn 

Los  Altos  Ave. 

8 

VCP 

5.0 

840 

2,200 

10.7 

Amphi-Sr. 

125  W.  Yovopoi  Rd. 

Oracle  Rd. 

15 

VCP 

11.3 

1,270 

3,010 

40.3 

Amphi-Jr. 

315  £.  Prince  Rood 

Prince  Road 

27 

CP 

6.3 

1,620 

4,180 

11.9 

Prince 

315  E.  Prince  Rood 

Prince  Rood 

27 

CP 

6.3 

1,620 

4,180 

11.9. 

Holowoy 

3500  N.  Cherry 

Prince  Road 

10 

VCP 

l.l 

220 

2,200 

8.3 

-  vitreous  cloy  pipe 
*CP  -  clay  pipe 


e.  Location  of  schools,  hospitals,  etc. 

Location  of  schools,  hospitals,  governmental  offices,  and  larger  commercial  centers  are 
shovm  os  entrances  in  illustrations  which  depict  the  buried  conduit  shelter  system.  Table 
2-1  presents  locations  of  public  schools  by  street  address. 
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f.  Existing  shelter  space 

In  general,  no  target  area  has,  in  existence,  sufficient  shelter  space  which  may  be  classed  as 
adequate  to  resist  the  levels  of  active  constraints  offered  by  the  close-in  effects  of  nuclear 
surface  bursts.  In  fact,  few  areas  have  sufficient  fallout  shelter  space  with  protection  fac¬ 
tors  of  100,  or  better,  much  less  blast  and  radiation  resistant  space  with  protection  factors 
in  the  required  millions. 

A  rather  extensive  fallout  shelter  survey  was  conducted  for  Tucson  in  connection  with  con¬ 
tract  CDM-61-35,  Quoting  from  the  abstract  to  the  report  on  this  contract  (I),  "The  survey 
clearly  shows  the  total  inadequacy  of  the  existing  shelter  spaces  to  protect  the  population 
of  Tucson  from  fallout  which  might  be  induced  by  nuclear  action." 

Tucson  has  approximately  2,100  spaces  now  in  existence  which  may  be  classed  as  adequate 
for  the  expected  levels  of  active  constraint.  This  represents  shelter  space  for  less  than  1% 
of  the  total  population. 


2-18 


C.  Non-Technical  Constraints 


I.  Psychological 

The  effect  of  psychological  factors  on  the  development  of  a  shelter  system  has  historically  been 
overshadowed  in  light  of  the  problems  which  must  be  considered  by  the  structural  and  mechanical  engineer. 

This  is  unfortunate,  however,  because  it  is  known  that  the  shelter  system  must  satisfy  more  than  the  physical 
necessities  of  protected  man — it  must  elicit  positive  responses  from  those  whom  it  protects.  Therefore,  it 
must  consider  such  possible  psychological  constraints  as;  changes  in  mental  state  or  response  caused  by 
individualized  stimuli  (warning  method,  personal  observations,  etc.);  preservation  of  the  system  of  social 
values;  creation  of  a  confidence  factor  or  positive  belief;  and  the  need  to  disseminate  information  about 
the  system  and  system  purposes. 

Ideally,  the  planner  might  wish  to  create  a  shelter  system  which  would  duplicate  all  the  comforts 
and  conveniences  of  the  ordinary  community.  Obviously,  this  ideal  must  be  compromised,  in  large  measure, 
by  the  economic  constraints.  This  then  may  become  a  source  of  psychological  pressure  on  the  people  to  be 
protected.  They  will  probably  need  to  learn  to  live  with  common  facilities;  and  with  much  reduced  per¬ 
sonal  privacy  in  a  setting  which  may,  at  least  temporarily,  separate  them  from  familiar  people  and  occupations. 

In  addition  to  this,  the  mechanical  problem  may  require  that  the  shelter  system  be  quite  confined, 
even  altogether  underground,  at  least  for  early  periods.  Provision  of  attention-distracting  or  diverting  ele¬ 
ments  should  be  considered  in  order  to  improve  the  anticipated  outlook  and  personal  compatibility  during  the 
possible  longer-stay  periods. 

If  travel  times  to  shelter  entrances  are  relatively  long,  the  elements  of  individual  panic  will  more 
likely  be  present  at  time  of  emergency,  and  trans-attack  plans  will  be  more  complicated.  Required  warning 
times  will,  of  course,  be  longer  for  more  remote  shelter  entrances. 

For  prolonged  shelter  stay-times,  the  psychological  factors  in  the  shelter  problem  increase  in  rapid 
proportion.  Only  the  most  speculative  answers  are  available  for:  thousands  of  law-abiding  persons,  for 
weeks  in  confining  quarters,  with  the  only  occupation  being  survival.  However,  the  plonner  must  consider 
this  problem,  in  terms  of  organization  of  in-shelter  leadership  and  administration,  in  oddition  to  protective 
physical  design  of  the  system. 

The  social  system  inherent  in  American  culture  seems  to  function  best  when  the  family  unit  is  main¬ 
tained  intact.  So  it  seems  natural  that  any  shelter  system  will  be  most  effective  if  it  can  overcome  the  poten¬ 
tial  psychological  constraints  inherent  in  separating  members  of  the  family.  It  should  consider  means  by  which  the 
family  group  can  communicate,  or  ideally,  remain  ir>  contact.  Provision  should  be  made  to  re-unite  members  of 
o  family  group  who  were  not  at  home  when  the  warning  sounded.  This  need  tends  to  conflict  with  the  economic 
constraints  in  conventional  shelter  systems. 

For  the  purpose  of  later  recovery  plans,  which  are  of  large  import  when  considering  attitudes  of  pro¬ 
tected  man,  the  system  should  promise  to  provide  means  which  will  allow  him  to  cooperate  in  post-strike  rescue 
evacuation,  or  recovery  activities. 

In  the  case  of  more  prolonged  stay  times  (caused  by  close-in,high-intensity  fallout  radiation)  It  may 
be  expeditious  to  evacuate  the  mass  of  people  to  less  contaminated  areas.  This  may  require  protection  of 
even  such  decontamination  equipment  as  heavy  earth  moving  equipment  for  use  in  creating  clear  landing 
strips  for  air-evacuation  and  in  creating  decontaminated  areas  in  which  temporary  outdoor  communities  may  be 
established. 

2.  Survivor  Characteristics 

An  additional  constraint  is  related  to  the  makeup  of  the  survivor  group.  It  should  be  possible  to 
predict  statistically  what  percentage  of  the  population  in  a  given  urban  area  must  be  survivors,  as  well  as  the 
things  they  will  need,  in  order  to  preserve  a  viable  economy.  The  shelter  system  must  consider  protection  of 
the  group  and  the  things  as  a  minimum,  or  it  is  only  worth  passing  consideration.  However,  the  notion  that  it 
is  sufficient  to  provide  merely  a  certain  amount  or  number  of  spaces,  regardless  of  who  or  what  is  protected, 
will  not  completely  answer  the  problem.  The  system  should  provide  for  relatively  certain  preservation  of  most 
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vital  skills,  services,  and  records  as  well  as  more  commonly  understood  provision  for  vital  governmental 
officials  and  functions.  Storage  space  must  be  provided  for  supplies  and  equipment  which  must  be  pro¬ 
tected  from  blast  and  thermal  damage. 

The  special  provision  which  must  be  mode  for  survival  of  skills  in  areas  such  as  medical,  sanita¬ 
tion,  public  utilities,  transportation,  education,  construction,  etc.,  must  be  given  similar  priority  to  thot 
which  we  plan  to  provide  for  governmental  functions.  The  entrance  accessibility  provided  by  the  recommended 
shelter  system  should  tend  to  fulfill  this  requirement  without  requiring  major  additional  planning  in  physical 
design  or  trans-attack  planning.  Efficient  use  of  relatively  dead  space  in  interconnecting  devices  and 
inexpensive  extension  areas  would  provide  ample  accessible  storage  space  without  prohibitive  additional  cost. 
The  long-range  outlook  for  survival  of  the  existing  economic  pattern  will  bear  a  materially  direct  relation¬ 
ship  to  the  acceptance  and  cooperation  which  the  plan  receives  from  existing  influential  economic  entities. 

As  an  instance,  the  vital  production  records  and  operating  policy  records  of  large  enterprises  could  be  pre-  . 
served,  along  with  governmental  records,  to  expedite  recovery. 

3.  Coordinated  Shelter  Plan 

A  form  of  economic  constraint  is  involved  In  the  consideration  of  the  need  for  a  coordinoted  shelter 
plan.  Ideally,  a  shelter  plan  which  can  be  designed  largely  to  also  serve  everyday  community  needs  would 
be  most  acceptable.  Therefore,  the  designer  should  consider  coordinating  new  shelter  construction  with  local 
community  needs  for  heavy  construction  which  might  be  compatible  in  a  shared-use  program. 

Some  examples  of  shared-use  methods  are  suggested  in  very  general  reference,  and  without  recourse 
to  actual  plans  or  stated  needs:  I)  the  streets  of  most  communities  are  burdened  with  the  problem  of  transporting 
large  masses  of  goods  to  outlying  areas  from  central  distribution  points;  2)  storm  water  runoff  sewers  ore  not 
adequate  in  most  cities;  3)  water  supply  methods  constantly  require  Improvement;  4)  other  overburdened  utility 
and  communication  services  provide  additional  examples  of  possible  ways  in  which  everyday  community  plans 
might  be  coordinated  with  a  shelter  plan  to  reduce  the  total  burden  on  economic  resources. 
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SECTION  ill 


CONCEPTION  AND  EVALUATION 


A.  General 

B.  Conception  of  General  Systems 

1.  General  Interest  Concepts 

o.  Fixed 

b.  Movable 

c.  Mixed 

2.  Tucson  Concepts  -  General 
0.  Fixed 

3.  Tucson  Concepts  -  Movable 

4.  Tucson  Concepts  -  Mixed 
o.  General 

b.  System  advantages 

c.  Shared-use  concepts 

C.  Cost-Effectiveness  Evaluation 

1.  Cost  Alternatives 

2.  Fixed  Individual  Shelter 

a.  Culvert-type  shelter 

b.  Flat-plate  roof  type  shelter 

c.  Dished-roof  type  shelter 

d.  Domed-roof  type  shelter 

e.  Concrete-box  type  shelter 

3.  Fixed  Community  Shelter  Systems 

a.  Flexible  type  (4,500  person  capacity) 

b.  Rigid  type  (1,000  person  capacity) 

4.  Multi-Purpose  Buried  Conduit  System  (Mixed) 

5.  Cost-Effectiveness  Analysis 

6.  Summary 

a.  System  comparisons 

b.  Multi-purpose  cost  sharing 


SUMMARY 

This  section  considers  counterforce  defense  system  concepts 
in  general  as  well  os  specific  context,  and  evaluates  them  in  terms  of  Tucson  con¬ 
straints.  The  most  feasible  systems  are  further  evoluated  in  terms  of  cost  and  cost- 
effectiveness.  Tentative  conclusions  are  drown  concerning  the  desirability  of  certain 
technically  feasible  systems. 
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SECTION  III.  CONCEPTION  AND  EVALUATION 


A.  General 

It  has  long  been  apparent  that  nature  demonstrates  a  survival  of  the  fittest  approach  to  the  creative 
process.  Briefly,  this  approach  is  based  on  conceiving  a  large,  possibly  infinite,  number  of  solutions  to 
a  given  problem;  then  to  subject  the  solutions  to  the  rigors  of  evoluotion  and  testing  in  the  naturally  hos¬ 
tile  environment.  The  solutions  which  survive  tend  to  be  best  adapted  to  the  natural  constraints. 

This  study  has  followed  a  similar  approach  to  conception  of  methodology  leading  to  design  of  a  system, 
or  systems,  which  will  serve  to  shelter  urban  population.  Concepts  which  survived  general  theoretical 
analysis  were  subjected  to  evaluation  in  light  of  determined  constraints  related  to  those  of  a  physical, 
sociological,  and  psychological  nature.  , 

The  physical,  social,  and  unavoidable  political  constraints  have  theoretically  impinged  on  each 
concept  and  have,  to  a  degree,  defined  each  solution.  The  eventual  generalization  which  is  derived 
responds  to  the  question;  what  are  the  most  likely  of  possible  physical  solutions  which  provide  realistic 
resistance  to  the  nuclear  hazards  which  confront  the  population  of  target  cities? 

B.  Conception  of  General  Systems 

I.  General  Interest  Concepts 

I 

In  simplest  form,  all  possible  shelter  concepts  fall  into  three  major  categories.  The  first  two  of 
these  generally  may  be  considered  fixed  and  movable  In  countermeosure  charocter.  The  third  is  a  mix  of 
the  first  two,  selecting  components  of  each.  The  fixed  solutions  are  those  which  involve  little  or  no  travel 
on  the  part  of  those  who  are  protected.  The  solutions  called  movable  would  require  the  protected  people  to 
make  an  evacuation  trip  of  either  a  pre,  trans,  or  post-attack  nature.  The  various  possible  solutions  consis¬ 
tent  with  these  categories  are  outlined  as  follows: 

a.  Fixed  i 

(1)  Eliminate  war  • 

(2)  Eliminate  targets 

(3)  Do  nothing 

(4)  Antl-Ballistlc  Missile,  plus  fixed  shelter  systems 

(5)  Fixed  individual  home  shelter  system 

(6)  Fixed  community  shelter  system 

b.  Movable 

(1)  Pre-attack  evacuation 

(a)  Determined  destination 

(b)  Undetermined  destination 

(2)  Trans-attack  evacuation 

(a)  Protected 

(b)  Unprotected 

(3)  Post-attack  evacuation 

(a)  Protected 

(b)  Unprotected 

c.  Mixed 

(1)  Primary  evacuation  to  secondary  fixed  shelters 

(2)  Primary  fixed  shelter  occupotion  with  secondary  or  emergency  protected  evacuation 
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2,  Tucson  Concepts  -  General 

The  above  general  interest  concepts  form  the  framework  under  which  all  Tucson  concepts,  both 
feasible  and  not  feasible,  may  be  originated.  It  is  observed  that  shelter  systems  for  target  cities  have 
severe  levels  of  technical  constraints  imposed  upon  them  which  tend  to  immediately  invalidate  many 
otherwise  feasible  general  concepts.  A  number  of  conceivable  solutions  and  systems  have  received  con¬ 
sideration  in  the  course  of  the  study  to  determine  the  best  shelter  system  concept  for  Tucson.  Distinct 
categories  of  solution  are  presented:  fixed  or  not  primarily  active,  in  terms  of  system  plan;  those  which 
primarily  require  travel  (called  movable);  and  systems  predicated  on  a  mix  of  both  fixed  and  movable 
concepts. 

a.  Fixed 

(1)  Certain  of  the  fixed  considerations  are  interesting  and  even  desirable  alternatives  for 
Tucson,  but  they  will  contribute  but  little  to  conception  and  design  of  pragmatic  solutions. 

I 

On  the  desirability  of  eliminating  war,  as  a  solution,  no  doubt  the  highest  level  of 
policymaker  can  agree  with  the  least  informed,  or  most  apprehensive,  private  citizen,  that  this  solution 
is  most  desirable;  however,  even  he  finds  that  his  best  efforts  do  not  entirely  accomplish  the  purpose.  The 
constraints,  in  the  form  of  international  disagreements,  seem  to  be  greater  than  present  counterforce 
methodology  can  solve. 

(2)  It  is  assumed  that  the  possibility  of  eliminating  targets  has  obviously  been  given  considera¬ 

tion  at  the  highest  level  of  defense  planning  and,  therefore,  must  not  be  presently  feasible  for  apparent 
tactical  and  economic  reasons.  Possibly  this  proposition  may  become  more  likely  when  the  arsenal  of 
deterrant  weapons  reaches  proportions  and  efficiency  which  can  permit  at  least  relocation  of  some  of  the 
more  critical  military  targets.  The  Tucson  problem  would  be  considerably  simplified  by  moving  the  Titan 
sites  from  upwind  locations  southwest  of  the  city  to  northern  and  northeastern  sites,  or  by  eliminating 
them  entirely,  (c  )  , 

(3)  The  suggestion  that  any  active  plan  or  fixed  construction  plan  would  be  worse  than  doing 
nothing,  has  many  adherents  who  argue  that  effectiveness  is  either  not  possible,  or  if  a  plan  is  effective 
to  the  purpose,  it  will  increase  world  tension  or  create  doubt  in  peoples  minds  about  the  adequacy  of 
deterrant  weapons  systems.  It  is  even  suggested  that  world-wide  fallout  radiation  will  make  the  entire 
world  untenable,  therefore,  why  the  bother?  This  study  group — oware  of  the  technical  validity,  or  lack 
of  it,  in  these  arguments;  aware  of  the  heritage  of  positive  resolution  inherent  in  the  historical  nature  of 
American  temperment;  and  aware  of  the  most  recent  evaluations  of  most  probable  enemy  reaction— -reiect 
this  concept  os  being  contrary  to  the  best  interests  and  consensus  of  the  people.  It  is  not  technically 
accurate  to  say  that  the  world  will  become  untenable  due  to  fallout  radioactivity.  The  effects  of  nuofftar 
weapons  are  subject  to  reasonable  evaluation  in  conventional  terms.  An  additional  fact  is  that  civil  de- 
fense  systems  are  more  likely  to  be  additive  to  deterrant  weapons  systems,  and  to  be  considered  such  by 
the  people,  in  general.  Experience  with  the  most  likely  nuclear  enemy  teaches  that  nuclear  shelter 
counterforce  methods  would  probably  cause  them  to  initiate  the  same  kind  of  action,  and  might  serve  to 
encourage  peaceful  negotiation,  even  disarmament  agreements,  (d  ) 

(4)  The  concept  of  an  ABM  (Anti-Ballistic  Missile  system)  plus  a  fixed  shelter  system  appears 
a  most  desirable  solution  although  it  may  present  a  large  economic  constraint  just  short  of  actual  costs  of 
a  conventional  war.  Most  estimates  of  the  cost  of  ABM  systems  alone  have  been  in  multiples  of  a  billion 
dollars.  The  additional  cost  of  adequate  shelter  construction  would  be  a  relatively  small  sum.  The  adequate 
shelter  is  presented  here  as  an  interim  solution  compatible  with  later  ABM  systems. 


(  c)  James  E.  McDonald,  Journal  of  Arizona  Academy  of  Science,  March,  1961. 

( d)  Anthony  j.  Wiener,  Hudson  Institute  rpt  on  the  "Civil  Defense  Controversy"  in  OCD  Systems  Evaluation 
Conference. 
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(5).  Fixed  Individual  Shelters 

(a)  General 

Individual  or  family-type  shelters  hove  their  greatest  usefulness  in  sparsely  settled 
areas.  They  are  not  satisfactory  in  urban  areas  for  many  reasons  (space  requirements,  psychological, 
social,  cost,  etc).  Nevertheless,  this  type  of  shelter  is  in  existence  in  limited  numbers  and  should  be 
investigated  further  to  give  balance  to  the  overall  feasibility  evaluation  studifes  which  follow. 

(b)  Designs 

Three  distinct  configurations  of  individual  shelters  were  considered  from  the  stand¬ 
point  of  effectiveness  and  cost  considerations— the  culvert  type,  the  flat  plate  and  dish  types,  and  the 
dome  type. 

In  order  to  make  more  direct  comparison  of  Individual -shelter  structures,  minimum 
entrance  configurations  are  assumed  for  all  designs  even  though  the  accompanying 'drawings  may  show 
more  elaborate  entrances.  These  designs  are  predicated  on  protection  against  60  psi  overpressure,  and 
an  adequate  shelter-space  for  6-8  persons  (commodlus  for  a  few  less). 

The  culvert,  as  a  shelter,  has  undergone  perhaps  the  most  extensive  tests  and  theor¬ 
etical  Investigation  of  any  burled  structure  now  being  used.  See  figures  3-1  and  3-2.  The  efficiency 
af  this  type  of  structure  in  resisting  blast  effects  is  well  established.  Unfortunately,  to  our  knowledge, 
the  ends  of  these  tubes  have  received  little  attention,  largely  because  of  the  complex  boundary  conditions 
which  develop  at  these  points.  It  appears  that  the  dished  steel  membrane  supported  by  the  formed  T-shape 
shown  is  superior  in  performance  and  cost  to  any  end  plate  that  is  presently  available.  Such  an  end  detail 
will  largely  assure  that  the  ends  will  in  fact,  be  as  strong  as  or  stronger  than,  the  culvert  itself. 


Figure  3-1.  Culvert-Type  Family  Shelter 
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Figure  3-2,  Plan  ond  ElevaHon  Details  For  a  Culvert-Type  Shelter 

The  flat  plate  type  shelter  Is  presented  In  figures  3-3  and  3-4.  An  alternate  ‘  > 
solution  Involving  a  steel  membrane  roof  structure  similar  to  that  shown  later  In  figure  3-10  is  also  considered. 
The  steel  membrane  in  ultimate  capacity  will  support  pressure  and  shock  loadings  far  in  excess  of  the  rein¬ 
forced  concrete  roof.  The  prime  reason  for  this  is  that  the  concrete  roof  must  resist  load  by  developing 
structurally  Inefficient  bending  stresses,  while  the  steel  membrane  supports  its  load  In  uniform  yield-tension 
similar  to  the  woy  in  which  a  soap  bubble  contains  Its  internal  air  pressure.  It  is  in  this  configuration  that 
the  material  is  operating  at  Its  maximum  efficiency. 

The  dome-type  individual  shelter  is  a  special  case  of  elliptical  dome  in  which,  under 
uniform  pressure,  the  membrane  hoop  stresses  are  zero  along  the  equator  or  junction  with  the  vertial  wall. 

See  figures  3-5  and  3-6.  By  programming  precise  bending  calculations  on  the  IBM  650  computer,  bending 
moments  consistent  with  membrane  displacements  were  determined.  It  is  observed  that  this  3-inch  thick 
concrete  dome  has  the  same  initial  capacity  as  the  previously  presented  fiat  concrete  plate  and  dished  steel 
membrane.  Domes  of  this  type  are  presently  being  constructed  by  a  Tucson  firm.  Their  construction  pro-* 
cedure  consists  of  spraying  "gunite"  concrete  over  a  domed  fibreglass  liner  which  remains  in  place  as  an 
energy-absorbing  protective  ceiling. 

(6).  Fixed  Community  Shelter 

For  densely  settled  urban  areas  subjected  to  close-in  nuclear  effects,  the  flexible 
community  shelter  system  allows  great  improvement  in  cost-effectiveness  over  individual  shelters.  Because 
of  the  Sack  of  existing  efficient  community  shelter  designs  for  close-in  effects,  a  unique  concept  was  developed 
for  inclusion  in  this  study  at  this  point.  The  source  of  uniqueness  relies  on  the  development  of  a  roof  system, 
consisting  of  dished  membranes  resting  on  precast  concrete  column  shapes.  The  structure  conceived  is 
composed  almost  exclusively  of  pre-formed  shapes  which,  because  of  the  multiplicity  of  use,  may  achieve 
the  economies  associated  with  mass  production.  Engineering  drawings,  model  configurations,  and  calculations 
have  been  produced  for  this  dished-membrane  community  blast  shelter,  however,  these  must  be  regarded  as 
preliminary  in  nature.  See  figures  3-7  through  3-12. 
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Figure  3-4.  VerHcal  Entrance  and  Door  Detail 
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Figure  3-9.  Community  Shelter  for  4,500  People 


Figure  3-10.  Cross-Section  of  Community  Shelter  Module 


The  orchitecfural  arrangemenf  develops  maximum  use  of  floor  space  and  divides  the  shelter 
population  into  individual  groups  of  manageable  size  from  the  standpoint  of  control  and  logistic  support., 

The  need  for  group  concept  was  recognized  after  o  thorough  study  and  evaluation  of  material  on  the  subjea^®  | 
of  psychological  and  social  adjustments  In  a  shelter.  Large  numbers  of  persons  can  be  accommodated  in  oWlI,. 
structure  by  dividing  the  number  of  people  into  small  groups  whereby  the  circulating  of  people  and  matelfiq^' 
may  be  minimized.  ■ 

The  shelter  is  composed  of  seven  groups  of  approximately  600  people.  The  sleeping  and 
living  accommodations  surround  a  nucleus  composed  of  the  kitchen  and  bathrooms.  Each  group  is  indepen¬ 
dent  from  other  groups.  The  only  cross-traffic  necessary  is  to  reach  the  medical  facilities,  central  library, 
supply  distribution  centers,  and  work  areas.  The  management  of  the  shelter  is  simplified  by  a  system  of 
individuol  group  management  monitored  by  the  shelter's  central  control. 

The  shelter  was  designed  for  dynamic  behavior  using  an  ultimate  strength  theory  and 
theoretical  blast  loadings  consistent  with  a  peak  incident  shock  of  60  psi  of  a  megaton  range  weapon.  ^ 

■ 

A  rigid  reinforced  concrete  cell  arrangement  has  also  been  conceived  during  the  study 
period.  It  is  presented  in  figure  3-13.  Only  the  structural  detail  is  shown.  The  concept  has  not  been 
developed  sufficiently  to  show  further  detail.  It  does,  however,  present  a  reasonable  alternate  approach 
to  the  risk-oriented  sheltering  philosophy. 


'  •  / 

Figure  3-13.  Reinforced  Concrete,  Community  Shelter 
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3.  Tucson  Concept  -  Movable 


I 

Systems  classified  as  movable  are  mainly  categories  of  evacuation  of  people  and  things  to 
less  vulnerable  locations.  This  methodology  involves  planning  and  scheduling  transportation  modes  (and 
routing)  os  well  as  determining  adequacy  of  destinations,  or  necessary  improvments.  In  general,  evacuation 
may  be  classified  as  pre-attack,  trans-attack,  or  post-attack.  In  this  immediate  context,  only  the  first 
two  are  considered  as  providing  a  nuclear  effects  counterforce  system.  Protected  post-attack  evacuation 
is  included  later  as  part  of  the  mixed  system. 

Planning  pre-attack  evacuation  would  begin  by  considering  whether  or  not  specifically 
assigned  destinations  are  possible  or  desirable.  The  plan  should  reflect  this  decision  and  go  on  to  provide 
training  in  recognition  of  the  procedures,  and  alternates,  which  individual  persons  or  groups  must  follow 
to  execute  the  plan.  The  plan  should  be  regularly  exercised  to  assure  improvement  of  the  plan  and  familiarity 
in  the  evacuee  group.  In  the  local  case,  lack  of  adequate  destinations  would  probably  preclude  pre-attack 
evacuation  even  assuming  adequate  alerting  time. 

Plans  for  trans-attack  evacuation  are  subject  to  all  the  constraints  for  pre-attack  evacuation 
methodology,  plus  the  requirement  to  determine  whether  evacuation  will  be  protected  or  unprotected.  This 
decision  probably  will  depend  largely  on  adequacy  of  warning  times  and, to  a  considerable  extent,  on 
vulnerability  of  egress  routes  or  modes  of  transportation.  In  the  local  case,  trans-attack  evacuation  would 
provide  solutions  for  only  a  fortunate  few  who  were  particularly  well  equipped  for,  and  adapted  to,  primi¬ 
tive  survival.  Most  available  evacuation  routes  and  methods  for  Tucson  would  be  denied  evacuees  by  the 
fact  that  local  military  targets  lie  in  close  proximity  along  all  existing  highways  and  railways.  , 

4.  Tucson  Concept  -  Mixed 

a.  General 

A  system  which  takes  advantage  of  the  best  features  of  all  methodologies  is  likely  to  pro¬ 
vide  the  greotest  effectiveness  and,  if  it  does  not  increose  the  cost  factor  materially  in  the  process,  will 
present  the  most  desirable  cost-effectiveness  ratio.  In  the  local  case,  such  a  system  is  both  more  effective 
and  costs  less,  per  shelter  space,  than  any  other  adequate  coonterforce  methodology.  Protection  foctors 
ore  as  good  as,  or  better  than,  those  given  previously  and  costs  are  materially  lower  than  those  for  usual 
community  or  family  shelter  systems. 

The  system  consists  mainly  of  a  network  of  steel  conduits  buried  under  five  feet  of  earth. 

Two  sizes  of  conduit  are  recommended,  44.8  miles  of  l6'-7"pipe  arch  (Main  Conduit),  and  204  miles  of  8' 
pipe  as  Secondary  Conduit.  (See  figure  3-14.)  The  Main  Conduit  will  permit  limited  vehicular  traffic. 
Entrances  would  lead  to  extension  conduits  running  at  right  angles  from  main  artery  conduits  to  schools, 
public  buildings,  and  other  locations  as  necessary  to  provide  efficient  access  for  present  ond  predicted  density 
of  population.  A  means  of  protected  egress,  from  the  points  which  are  hardest  hit,  is  provided.  The  termina¬ 
tion  point  of  this  egress  should  be  located  in  such  a  way  that  water  and  supplies  would  be  readily  available. 
The  region  which,  in  our  opinion,  offers  the  most  advantages  as  an  immediate  survival  area  is  shown  in  figure 
3-14,  os  the  Survival  Area.  A  plan  view  of  a  system  of  conduits  which  could  provide  the  necessary  under¬ 
ground  passageways  to  this  survival  area  is  also  shown.  The  conduits  themselves  would  be  the  initial  blast 
and  early  fallout  shelters.  Long-term  fallout  protection  would  be  accomplished  in  the  protected  region. 
Decontamination  capabilities  would  be  an  integral  part  of  the  fallout  protection  that  is  supplied  in  this 
region.  In  addition,  decontaminated  emergency  landing  fields  and  open  living  areas  could  be  created  here. 

Conceptual  isometric  views  of  major  system  components  are  shown  in  figure  3-15.  Much  of 
the  data  and  analysis  presented  as  part  of  the  previous  systems  (which  pertains  to  flexible  structures  such  as 
steel  conduits,  sloping  entronces,  pre-fabricated  sections,  and  steel  membrane  roofs)  will  directly  apply  to 
aspects  of  this  system. 

b.  System  advantages 

In  terms  of  the  mandatory  design  constraints,  the  buried  conduit  system  offers  a  desirable 
solution.  A  most  desirable  feature  is  inherent  in  the  distribution  of  population  in-shelter.  No  new  concentra¬ 
tion  of  people  is  created  so  that  the  possibility  of  stray  missiles,  or  deliberate  targeting,  will  not  readily  create 
large  numbers  of  casualties;  this  fact  will  more  likely  assure  survivors  in  proportion  to  existing  population.  The 
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Figure  3-14.  Plan  View  of  Buried  Conduit  System  for  Tucson,  Arizona 

buried  steel  conduit,  as  a  structure,  has  been  subjected  to  extensive  testing  and  use  so  that  is  has  become 
a  familiar  medium  for  use  against  vertical  overpressure.  Ground  motions  in  other  directions  will  not  rupture 
or  separate  the  sections  of  steel  conduits  as  readily  as  might  be  the  case  with  more  rigid  structures;  they  will 
tend  to  stretch  or  compress  to  conform  to  stress  ond  strain  patterns,  without  breaking. 

The  protection  offered  against  thermal  and  radiological  hazards  demonstrates  a  particularly 
desirable  aspect  of  this  system.  Protection  against  the  thermal  and  initial  radiation  pulses  are  in  a  on^- 
million  plus  attenuotic,.  range  which  is  adequate  for  even  some  of  the  most  intense  situations.  However,  in¬ 
tense  fallout  radiation  effects  demonstrate  the  system  most  favorably.  Aside  from  the  desirable  attenuation 
factor,  which  remains  important,  this  system  permits  coordinated  monitoring  and  decontamination  operations. 
Recovery  operations  will,  therefore,  be  more  meaningful  because  the  whole  community  can  operate  as  they 
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SCHEMATIC  OF  CONDUIT  SYSTEM 


SECTION- MAIN  CONDUIT  SECTION  -  SUB  CONDUIT 


■igure  3-15.  Conceptual  Views  of  Buried  Conduit  SystCftn 
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are  most  accustomed  to  acting;  and  with  their  chosen  leadership  instead  of  as  isolated  small  groups.  If  local 
post-attack  fallout  radiation  intensity  indicates  protracted  periods  of  lethal  radiation,  the  system  makes  it 
possible  to  carry  out  post-attack  evacuation  of  the  entire  population  through  a  single  cleared  escape  route. 

Many  additional  advantages  are  inherent  in  this  system  which  are  not  likely  for  other 
systems.  Most  of  the  psychological  objections  to  other  buried  systems  are  overcome  by  the  fact  that  family 
groups,  who  were  separated  at  warning  time,  can  shortly  be  reunited.  In-shelter  administrative  and  control 
problems  are  diminished  by  the  fact  thot  existing  authority  figures  can  be  in  direct  coritact.  Location  of 
entrances  at  schools,  hospitals,  and  other  commercial  or  governmental  centers  tends  to  serve  as  the  most 
efficient  method  by  which  the  largest  part  of  the  population  con  enter  the  shelter  in  the  shortest  time.  For 
business-day  population  distribution,  this  configuration  is  ideal;  it  also  provides  familiar,  consistent  entrance 
location  patterns  for  other  popuiotion  distributions  (holiday,  weekend,  etc.).  Usually  schools  and  hospital 
entrances  will  be  near  the  center  of  night-population  density,  which  is  about  the  same  distribution  as  that 
for  weekends,  holidays,  and  early  evenings. 

The  system  offers  the  additional  value  of  providing  shelter  readily  in  terms  of  elapsed  time 
after  decision  to  construct.  The  conduits  could  be  constructed  in  states  which  would  permit  useful  shelter, 
on  a  crash  basis,  quite  readily.  As  an  instance,  the  main  conduits  conduits  could  be  constructed  first  in 
order  to  serve  the  greater  number  of  persons  in  the  least  amount  of  time.  Next,  the  secondary  conduits 
could  be  connected,  in  the  most  populous  areas.  At  the  same  time,  construction  could  progress  on  entrances 
and  operating  centers.  Each  phase  of  construction  would  be  useful  as  basic  shelter  almost  immediately  as  it 
would  simply  require  excavation,  emplacement  of  the  conduit,  backfill,  and  ventilation  tubes.  Details 
and  refinement  of  construction  would  improve  the  system,  but  basic  shelter  can  be  available  most  readily 
since  form-building,  concrete-curing  times,  and  complex  foundations  are  not  necessary  in  most  of  the  con¬ 
struction  phases. 

The  system  also  allows  relatively  Inexpensive  expansion  into  newly  developed  areas.  The/  , 
additional  cost  should  be  proportional  to  that  ratio  which  the  number  of  new  persons  to  be  served,  bears  to 
the  total  population;  or  even  slightly  less.  Largely  It  will  be  a  matter  of  adding  enough  conduit  to  reach 
into  the  area  in  point. 

e.  Shared-use  advantages 

•  The  buried  conduit  system  is  ideally  adaptable  to  multipurpose  planning.  Utility  systems 
such  as  water,  electricity,  and  telephone  could  install  trucklines  throughout  the  shelter  system.  In  addition, 
inlets,  outlets,  and  protection  for  mechanical  equipment  could  be  provided  which  would  allow  use  as  efficient 
storm  drains.  The  most  obvious  purpose  for  shored-use  techniques  is  to  reduce  the  purely  shelter  costs;  however, 
the  benefit  realized  by  the  utility  systems  (and  the  community  generally)  would  be  substantial.  Installation 
and  maintenance  accessability  would  be  considerably  improved,  in  the  case  of  utility  systems;  they  would  also, 
of  course,  be  less  vulnerable  to  damage  by  nuclear  weapons  effects.  The  storm  drains  could  represent  the 
first  stage  of  any  overall  storm  damage  or  water  conservation  and  control  system. 

In  general,  any  shelter  system  will  be  more  useful  at  the  ultimate  moment  if  it  has  not  been 
completely  idle  during  the  interim  period.  Long-range  prospective  developments  may  well  include  high-speed 
underground  transportation  systerris  for  distribution  of  goods  and  even  commuter  traffic. 
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C.  Cost  Effectiveness  Evaluation 

1.  Cost  Alternatives 

For  purposes  of  this  evaluation, possible  installation  costs  for  various  types  of  shelter  systems  are 
generated.  The  costs  involved  are  those  which  pertain  to  the  installation  costs  of  each  of  the  fixed  shel¬ 
ter  types  and  also  to  the  mixed  concept.  No  attempt  has  been  made  to  approximate  the  costs  of  the  movable 
systems. 

2.  Fixed  Individual  Shelters 
a.  Culvert-type  shelter 

Construction  cost  estimotes  for  this  type  of  shelter  ore  developed  as  follows: 


COST  ESTIMATE  -  CULVERT  TYPE  SHELTER 


STRUCTURAL  ESTIMATE 

Quantity 

Unit 

Unit  Cost 

Total  Cost 

EXCAVATION 

Excavation 

Backfill  or  removal  from  site 

275 

cu , yds . 

2.25 

$  618.75 

CONCRETE 

No  forming 

Materiol  (Concrete) 

Plocement  (Labor) 

3.9 

3.9 

cu.yds. 

cu.yds. 

14.00 

5.00 

54.60 

19.50 

REINFORCING  STEEL 

Material  ond  Labor 

146 

lbs. 

0.25 

37.00 

FABRICATED  STRUCTURAL  STEEL 

Material  and  Labor 

5,675 

lbs. 

1.00 

5,625.00 

CORRUGATED  METAL  PIPE 

8'  -*8  Ga.Multi-Plote 

4'  -*l4Ga.Std. 

3'  -<'l4Ga,Std. 

2'  -fUGo.Std. 

+  10%  Freight 

24 

15.5 

15.5 

12 

lin.  ft. 
lin.ft. 
lin.  ft. 
lin.  ft. 

52.26 

10.45 

7.69 

4.61 

1,254.24 

161.98 

119.20 

55.32 

TIMBER 

3/4"  Plywood 

108 

sq . f t . 

0.38 

41.04 

SEALER  COAT 

Labor  and  Material 

898 

$q.  ft. 

0.20 

179.60 

TOTAL  STRUCTURAL  COST 

8, 166.23 

MECHANICAL 

2,500.00 

SUPPLIES 

1,  150.00 

TOTAL  ESTIMATED  COST 

$  11,816.23 

3-17 


The  totol  of  $11,816.23  compares  with  on  independent  contractors'  estimate  of  $18,000. 

The  figures  above  represent  those  which  are  most  consistent  with  costs  associated  with  mass  production 
techniques.  It  is  entirely  possible  that  the  estimate  of  $18,000  could  be  reduced,  in  this  light  by 
opproximately  1/3,  to  the  more  realistic  value,  for  this  situation. 

The. total  cost  of  o  shelter  system  for  Tucson  which  is  composed  exclusively  of  this  type  of 
shelter  is  estii/ated  by  considering  the  existing  homes  per  person  ratio  and  multiplying  by  the  population, 
and  then  again.by  the  cost  per  shelter  value,  as  follows: 

(Homes  per  person)  x  (Total  persons)  x  (cost  per  home  shelter)  =  TotaTbost 

(.321)  (465,000)  (11,816.23)  =  (149,500)  (12,000)  =  $1,766,526,385 

for  1973  populotion. 

b.  Flat-plate  roof  type  shelter 

Construction  cost  estimates  for  this  type  of  shelter  ore  developed  as  follows: 


COST  ESTIMATE  -  CIRCULAR  FLAT  PLATE  TYPE  SHELTER 


STRUCTURAL  ESTIMATE 

Quantity 

Unit 

Unit  Cost 

Total  Cost 

EXCAVATION 

CONCRETE 

Forming  (Material  and  Labor) 

366 

cu .  yds . 

2.25 

$  923.50. 

Walls 

1565 

iq.  ft. 

0.40 

■  626.00 

Overhead 

201 

sq.  ft. 

0.75 

■  150.75 

Material  (Concrete) 

38.9 

cu .  yds . 

14.00 

544.60 

Plaeerrrent  (Lobor) 

38.9 

eu.yds. 

3.00 

116.70 

REINFORCING  STEEL 

Material  and  Labor 

7494 

tbs. 

0.25 

1,872.50 

FABRICATED  STRUCTURAL  STEEL 

Moteriol  and  Labor 

1574 

lbs. 

1.00 

1,574.00 

SEALER  COAT 

Material  ond  Labor 

STRUCTURAL  COST 

lOOO 

sq .  ft . 

0.20 

200.00 

6,008.05 

MECHANICAL 


POWER 

SANITARY  2,500.00 

SUPPLIES 

Hotel  package 

MEDICAL  PACKAGE  1,150.00 

TOTAL  ESTIMATED  COST  $  9,658.05 


The  total  of  $9,685.05  results  in  an  overall  system  cost  of  149,500  x  $9,685.05  = 
$1,443,878,475  for  Tucson.  , 
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d.  Domed-roof  type  home  shelter 

Construction  cost  estimates  for  this  type  of  shelter  ore  developed  as  follows: 


I, ; 


ir 


COST  ESTIMATE  -  DOME  TYPE  SHELTER 


STRUCTURAL  ESTIMATE 

Quontity 

Unit 

Unit  Cost 

Total  Cost 

EXCAVATION 

3iS 

cu.yds. 

2.25 

$  921.25 

CONCRETE 

Forming  (Moferiol  and  Labor) 

Walls 

Overhead 

Material  (Concrete) 

Placement  (Labor) 

1273 

438 

28.5 

28.5 

sq.ft. 

sq.ft. 

cu.yds. 

cu.yds. 

0.40 

1.00 

14.00 

3.00 

509.21 

438.00 

399.00 

85.50 

REINFORCING  STEEL 

Moterlai  and  Labor 

4487 

lbs. 

0.25 

1,123.50 

FABRICATED  STRUCTURAL  STEEL 

Material  and  Labor 

1550 

lbs. 

1.00 

1,550.00 

SEALER  COAT 

Material  ond  Labor 

1074 

sq.ft. 

0.20 

214.80 

STRUCTURAL  COST 

5,241.26 

MECHANICAL 

VENTILATION 

POWER 

SANITARY 

2,500.00 

SUPPLIES 

— ROTEl  PACKAGE 

MEDICAL  PACKAGE 

1,  150.00 

TOTAL  ESTIMATED  COST 

$  8,891.26 

The  total  of  $8,891.26  results  in  on  overall  system  cost  of  149,500  x  $8,891.26  =  $1,329,243,370 

for  Tucson. 
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e.  Concrete  box  type  shelter 

Construction  cost  estimotes  for  this  type  of  shelter  (for  30  psi)  ore  developed  os  follows: 


COST  ESTIMATE  -  BOX  TYPE  SHELTER 


STRUCTURAL  ESTIMATE 

EXCAVATION 

CONCRETE 

Forming  (Material  and  Labor) 
Walls 
Overhead 

Material  (Concrete) 

Placement  (Labor) 

REINFORCING  STEEL 
Material  and  Labor 

FABRICATED  STRUCTURAL  STEEL 
Moteriol  and  Labor 

SEALER  COAT 

Moteriol  and  Labor 

STRUCTURAL  COST 

MECHANICAL 
— VENTI'LSrrON 
POWER 
SANITARY 

SUPPLIES 

— ROTR  PACKAGE 
MEDICAL  PACKAGE 

TOTAL  ESTIMATED  COST 


Qoonfity 

Unit 

260 

cu . yds . 

1265 

137 

24.4 

24.4 

sq.ft, 
sq.ft, 
cu . yds . 
cu.yds. 

3691 

lbs. 

771 

lbs. 

770 

sq.ft. 

Unit  Cost 

Totol  Cost 

2.25 

$  585.00 

0.40 

506.00 

0.75 

102.75 

14.00 

341.60 

3.00 

73.20 

0.25 

922.50 

1.00 

771.00 

0.20 

154.00 

3,456.05 


1,800.00 

882.00 
$  6, 138.05 


The  total  cost  of  56,138.05  results  in  an  overall  system  cost  of  149,500  x  $6,138.05  = 
$917,638,475  for  Tucson. 
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3.  Fixed  Community  Shelter  Systems 

Q.  Flexible  type  (4,500  person  copocity) 

Construction  cost  estimates  for  this  type  of  shelter  ore  developed  os  follows: 


COST  ESTIMATE  -  FLEXIBLE  COMMUNITY  SHELTER 


STRUCTURAL  ESTIMATE 

EXCAVATION 

Excavation 
Fill  under  slabs 

CONCRETE 

Forming  (Material  and  Labor) 

Wells 

AAoteriol  (Concrete) 
placement  (Labor) 

Slobs  (Material  and  Finish) 

Gunlte  (Material  and  Labor) 

REINFORCING  STEEL 
Moteriol  and  Lobof 

FABRICATED  STRUCTURAL  STEEL 
Moteriol  and  Labor 

MISCELLANEOUS 

Plumbing,  Pipes,  Well  casings.  Doors,  etc. 

SEALER  COAT 

Material  and  Labor 

STRUCTURAL  COST 

MECHANICAL 


VENTILATION  AND  HEATING 
POWER  PACKAGE 
CONTROL  PACKAGE 

SUPPLIES 

MEDICAL  PACKAGE 
HOTEL  PACKAGE 

TOTAL  ESTIMATED  COST  PER  UNIT 


849,848,00 


183,897.00 

75,474.00 

18,000.00 


11,900.00 

288,000.00 

$  288,000.00 


i 


■I  ! 


Quantity 

Unit 

Unit  Cost 

Total  Cost 

1  I 

64,870 

cu.yds. 

1.94 

J  106,330.00 

’ 

't'  i 

700 

cu .  yds . 

2.00 

1,400.00 

'Tr;  1 

184,971 

sq.ft. 

0.38 

70,270.00 

■’t, 

'1.  ' 
■f’ 

9,149 

eu .  yds , 

12.25 

112  ,056.00 

"'S 

9, 149 

cu .  yds . 

1.32 

12  ,083.00 

60,842 

sq.ft. 

0.50 

30,421.00  •’ 

•I 

42 

eo.ydi. 

55.00 

2,310.00 

"i. 

if 

1,319,787 

lbs. 

0.25 

329,947.00 

1  . 
Vi 

'1,038,277 

lbs. 

0. 10 

103,828.00 

.'iF 

74,250.00  *  ‘V  . 

■T,i 

71,300 

sq.  ft. 

0. 10 

7,  130.00 

"'f. 

f' 

The  total  of  $1,427,119  multiplied  by  113.83,  the  number  of  units  required  for  Tucson  population, 
yields  $162,448,956  as  the  total  system  price. 


V 


Tg^TT-rx  -  ..;Tgr 
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b.  Rigid  type  (1,000  person  capacity) 


A  rigid  concrete  cell  arrangement  designed  for  1,000  persons.  Construction  costs  are 
developed  as  follows: 

I 


COST  ESTIMATE  -  1000  PERSON  -  100  PSI  SHELTER 


STRUCTURAL  ESTIMATE 


EXCAVATION 

Excovotion 

BoclcfUl  or  removal  from  sife  7,730 

CONCRETE 

Forming  (Moferia!  ond  Labor) 

Top  Slob  10.000 

Wolli  27,798 

Moferiol  (Concrete)  1,636 

Plooemenl  (Labor)  1,636 

REINFORCING  STEEL 

(Moterlol  and  Lobor)  426,509 

TIMBER 

2x6  arid  4x6  13,885 

3/4"  Plywood  10,000 

SEALER  COAT 

(Material  and  Labor)  16,860 


ENTRY 

100  psi  -  Double  Entry  (p.48) 
TOTAL  ESTIMATED  COST 


Untf 

Unit  Cost 

Total  Cost 

cu.yds. 

1.85 

$  14,300.50 

sq.  ft. 

0.50 

5,000.00 

sq.ft. 

0.38 

10,563.24 

cu .  yds . 

12.25 

20,041.00 

cu.yds. 

1.35 

2,045.00 

’ 

lbs. 

0.  II 

46,915.99 

bd.ft. 

0.30 

4,  165.50 

sq.ft. 

0.38 

3,800.00 

sq .  ft . 

0.  10 

■  ,  1,686.00 

'  ■  ■ 

% 

Each 

10,697.22 

42,788.88 

S  151,306.  II 

The  total  of  $151,306.11  as  the  total  system  structural  cost  exclusive  of  medionical  and 
service  costs  which  are  estimated  at  $129,032.25  for  each  shelter.  Total  shelter  cost  per  unit  therefore 
becomes  $280,338.36.  When  multiplied  by  465  (number  of  shelter  units  necessary  for  Tucson),  total  system 
cost  becomes  $130,357,340. 
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4.  MulM-Purpose  Buried  Conduit  System 

Construction  cost  estimates  for  this  system  ore  developed  os  follows: 


COST  ESTIMATE  -  BURIED  CONDUIT  SYSTEM 


CONDUIT 

Quantity 

Unit 

Unit  Cost 

Total  Cost 

EXCAVATION  (Includes  replocement  of  paving) 

8'  Diomefer  P!p« 

16'  -7"  Span  Pipe  Arch 

6,695,473 

2,814,874 

cu.yds. 
cu .  yds . 

3.00 

3.00 

$  20,086,419.00 

8,444,622.00 

CORRUGATED  PIPE  (30%  reduction  due  to  volume) 
8'  Diameter  Go. Std. Pipe 

16' -7"  Span  -  *5  Go. Pipe  Arch 

1,078, 176 
236,544 

ft. 

ft. 

32.61 

68.63 

35,  159,319.00 
I6,233;0l5.00 

MECHANICAL 

Ventilation  ond  Sanitary 

1,078,176 

ft. 

17.64 

19,019,025.00  ' 

SUPPLIES 

Hotel  and  Medical  Poelcoge 

465,000 

Persons 

47.00 

21,855,000.00 

ENTRANCES 

HOSPITAL  ENTRY 

SCHOOL  ENTRY 

INDEPENDENT  ENTRY 

4 

79 

54 

Units 

Units 

Units 

21,394.00 
20,  136.00 
10,068.00 

85,576.00 
1,590,  744.00 
543,672 .00 

MAIN  OPERATION  CENTER 

COMMUNICATION  SYSTEM 
TRANSPORTATION  SYSTEM 

MAIN  POWER  SYSTEM 

1 

UniJ 

750,000.00 

750,000.00 

SECONDARY  OPERATION  CENTER 

1 

Unit 

400,000.00 

400,000.00 

TOTAL  ESTIMATED  SYSTEM  COST 

S  124,167,392.00 

.•I'V'. 

The  total  cost  $124,167,392  represents  total  system  cost,  including  mechanical  and  service  costs.' 
The  multi-purpose  uses  which  may  be  realized,  will  tend  to  reduce  the  purely  shelter  system  costs. 
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5.  Cost-Effectiveness  Analysis 


Cost-effectiveness  ratio  evaluations  are  somewhat  nebulous  in  nature  because  of  the  problems  of 
defining  a  suitable  parameter  or  parameters  which  may  be  ossocioted  with  these  evaluations.  One  possible 
parameter  which  might  be  used  for  this  purpose  is  the  cost-effectiveness  ratio.  The  cost-effectiveness 
ratio  may  be  defined  as  that  quantity  which  results  when  the  total  cost  of  a  system  is  divided  by  a  number 
which  represents  the  total  effectiveness  of  the  system.  The  shelter  system  which  has  the  lowest  cost- 
effectiveness  ratio  associated  with  it  is  then  among  the  most  desirable. 

Unfortunately,  the  true  cost-effectiveness  ratio  for  any  given  system  is  difficult  to  isolate.  This 
ratio  may  be  minimized,  however,  even  though  it  is  not  isolated.  The  cost-effectiveness  ratio  may  be 
considered  to  be  a  function  of  individual  ratios,  each  pertaining  to  different  phoses  of  cost  for  certoin 
types  of  effectiveness.  That  is:  /  \ 

c=p/c  cccc...c\ 


where: 


\‘=po  ^  4  '=ne  ■'I 

=  Total  cost-effectiveness  ratio 


C  =  Cost-effectiveness  ratio  of  system  against  overpressure 

Epo 

C  =  Cost-effectiveness  ratio  of  system  ogoinst  gammo  radiation 

Ty 

C  =  Cost-effectiveness  ratio  of  system  against  thermal  radiation 

C  =  Cost-effectivencss  ratio  of  system  against  Initial  radiation 

^ne 

C  =  Cost-effectiveness  ratio  of  system  with  respect  to  location 

C  =  Cost-effectiveness  ratio  of  system  with  respect  to  the  i^h  condition 


The  function  "F"  is  undoubtedly  quite  complex  and  may  even  be  mathematically  undefinable. 
However,  by  rational  deductions,  it  is  possible  to  be  slightly  more  specific  about  the  true  nature  of  this 
function.  It  is  known  that  any  increase  in  cost  of  any  component  of  the  system  with  effectiveness  constant 
will  increase  the  cost  of  the  whole,  and  hence  the  cost-effectiveness  ratio  of  the  system.  It  is  also  known 
that  any  Increase  in  effectiveness  of  a  component  of  the  systern  which  might  be  obtained  at  little  or  no 
increase  in  cost  will  tend  to  increase  the  total  effectiveness  and  hence  reduce  the  cost-effectiveness  ratio 
of  the  system. 

From  these  observations,  it  is  then  possible  to  say  that: 


1 

1 

,  c  , 

c  ,  c  ...  c 

E  Ey 

po  ' 

Et 

^ne  '^\ 

Cl 

,  ^  C3  ^  C4 

C  , 

c  , 

1  c  ,  c  , 

^po 

C4,  C5. 

C;  are  all  positivi 

where  C|,  C2,  C^,  C4,  C^.  .  .  C;  are  all  positive. 

^  A  sufficient  condition  for  F  to  be  a  minimum,  and  hence'  for  the  total  system,  is  that  each 
—  ratio  be  a  minimum.  Unfortunately,  because  of  the  interdependency  of  the  various  rotios,  it  is 
'  not  possible  to  show  that  this  condition  is  both  necessary  end  sufficient.  E 
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As  an  example  of  the  determination  of  the  cost-effectiveness  ratio  for  c  given  component  of  the 
system,  consider  the  ratio  _p  It  is  recoiled  that  this  ratio  represents  the  cost  of  resisting  oveipiessuie 
divided  by  a  number  v/hich  represents  the  total  effectiveness  of  this  resistance.  It  Is  observed 

fhot;  /  \ 

c  -  c  f  c  c  c  .  ,  c  \ 

!;<,  lET,  ■  tTv'  Th  / 


po 

v/here; 


^  '  Structural  cost-effectiveness  ratio  to  resist  overpressure 

"^t 

C  =  Blast  value  cost-effectiveness  ratio  to  resist  overpressure 


^  -  Door  closure  cost-effectiveness  ratio  to  resist  overpressure 


'I 


^  ^yp®  cost-effectiveness  rotio  to  resist  overpressure 

Eh 

As  before  v/ith  the  function  "F",  the  function  Fp^  is  difficult  to  determine.  The  same 
deductions  apply,  however,  that  is:  ,  > 

/  \  /  ‘^l  ^2  I  <^3  ^  ‘^h\ 

F  /  £  ^  L  ^Vf  /  -1  £  U-  ...  £  1 

I  Ejt  '  Eb/  Edc  y  P°l  Est  '  Ebv  '  I  Edc  j 

where:  d|  .d2  .d^.  .  .  db  are  all  positive. 

Becouse  of  the  nature  of  the  variables  involved  in  this  function,  it  is  deduced  that  they  are  each 
independent.  That  is  C  is  independent  of  C  and  C  and  C  .  It  may  then  be  said  that: 

17t  "^v  ^dc  Eb 

c  .  V  ,  I  CP  I  '''' 


po  k  =  I 


where:  k|  -  st 
k2  bv 


£  ■ 


To  minimize  C  it  Is  now  both  necessary  and  sufficient  tho*  each  term  of  the  equation  be  rrrini- 
mlzed.  As  on  example  of  the  way  in  which  '^k  ,  where  k  I  may  be  minimized 

consider  the  following: 


Observation  indicates  that  this  quantity  will  be  a  minimum  for  that  type  of  structure  for  which  Cjf 

is  o  direct  function  of  C  and  C  v/here:  -p — 

T —  ^  St 

‘-ep  '-gm 

C  Cost-effectiveness  rotio  of  a  structure  for  resisting  on  effective  pressure 


C  Cost-effectiveness  ratio  of  o  structure  for  resisting  ground  motion 

E  "im 
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To  minimize  C  ,  consider  the  cose  of  o  buried  ifructure  subjected  to  on  effective  soil- 
structure  interaction  T^p  pressure  of  P  .  One  may  choose  from  o  wide  variety  of  structural  forrra 
ranging  from  rigid  to  flexible.  The  toble  below  shows  potential  cost  versus  overpressure  curves  for 
different  basic  types  of  structural  systems.  Curves  can  be  drawn  to  represent  the  relative  merits  of  V 
structural  systems  os  overpressure  versus  relative  cost  and  overpressure  versus  cost-effectiveness.  Th’e 
cost-effectiveness  rotio  for  each  point  on  each  curve  is  defined  os  being  the  level  of  cost  divided  by 
the  level  of  overpressure  for  that  point.  In  other  words,  it  is  the  ordinate  divided  by  the  abcissa. 
Graphicolly,  it  is  the  slope  of  a  line  drown  from  the  origin  to  the  specific  point  on  the  curve  in 
question.  (See  figures  3-16  and  3-17.) 

The  table  lists  the  magnitude  of  cost-effectiveness  ratios  for  various  overpressures.  These  ratios 
are  obtained  by  taking  the  various  ordinates  and  dividing  by  the  respective  obcissos. 


^  ($/sq.  ft  of  shelter) 


OVERPRESSURE 

CONCRETE 

CONCRETE 

MEMBRANE 

STEEL 

BOX 

culvert 

ROOF-TYPE 

CULVERT 

10 

0.838 

0.318 

0.536 

0.845 

20 

0.546 

0.243 

0.342 

0.429 

30 

0.430 

0.  145 

0.242 

0.290 

40 

0.370 

0.1128 

0.  183 

0.221 

50 

0.327 

0.0955 

0.161 

0.  179 

60 

0.299 

0.0834 

0.1353 

0.152 

70 

0.278 

0.0767 

0.1202 

0.131 

80 

0.263 

0.0721 

0.1060 

0.1190 

90 

0.251 

0.0685 

0.0950 

0, 1032 

100 

0.2425 

0.0650 

0.0876 

0.0947 

It  is  now  possible  to  evaluate  the  relative  effectiveness  of  a  given  structural  type  with  respect 
to  a  given  overpressure.  Those  types  which  yield  mlnimums  should  be  used  as  components  of  feasible 
shelter  systems. 

Cost-effectiveness  ratios  C  are  less  determinable  because  of  lack  of  sufficient  research 
studies  on  the  effects  of  ground  Eg^  motions  on  buried  structures.  Intuitively,  however,  it  may  be 
observed  that  flexible  structures  will  survive  with  greater  effectiveness  and  for  less  cost. 

The  procedures  and  methodologies  for  minimizing  the  cost-effectiveness  ratio  are  now  defined. 

It  must  be  observed  that  those  shelter  systems  which  have  low  cost-effectiveness  ratios  ore  only  members 
of  a  set  of  such  systems.  That  is,  within  the  domoin  of  all  shelter  systems,  there  exists  a  set  of  systems, 

S,  which  have  associated  with  them  a  minimum  cost-effectiveness  ratio.  The  most  feasible  of  this  set  is 
that  system  for  which  the  absolute  cost  is  a  minimum.  Until  such  time  as  sufficient  research  data  supports 
the  methodical  calculation  and  verification  of  such  os  absolute  minimum  it  is  necessary  to  rely  heavily 
on  the  abilities  of  specialists,  to  make  judgement  decisions  as  to  the  ottainment  of  this  condition.  Such 
decisions  were  made  in  the  selection  of  feasible  shelter  systems  for  Tucson. 

The  important  fact  involved  in  the  preceding  discussion  is  that  a  shelter  system  cannot  be  con¬ 
sidered  obsolutely  feasible  unless  the  cost-effectiveness  ratios  of  each  of  its  components  is  minimized 
either  independently  or  collectively.  In  short,  low-cost  maximum  effectiveness  components  must  be  used. 

As  on  interesting  sidelight  to  the  cost-effectiveness  ratio  concept,  consider  the  value  of  this 
ratio  if  ony  one  of  the  ratios  which  serve  to  define  it  should  be  associated  with  a  failure.  That  is,  if  the 
structure  fails  under  effective  overpressure,  then  C  oo  *  .l’®couse  Eg- — ^  0  .  It  then 

follows,  because  of  the  nature  of  the  functional  "E^p  relatiorwhip,  "F",  that  C  for  the  system— •  oo  . 
This,  of  course,  is  anything  but  a  minimum.  •  f 
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6.  Sommory 


a .  Systems  Comparison 

The  preceding  material  has  presented  the  cost  of  various  shelter  systems  ond  o  method  by 
which  cost-effectiveness  con  be  determined.  Each  system  or  concept  has  special  merit  depending  upon  the 
prospective  hostile  conditions.  One  aspect  of  cost-effectiveness  should  be  considered  vyith  respect  to  any 
system.  That  is,  what  is  the  cost  per  survivor?  If  all  other  factors  are  in  equilibrium,  then  cost  per  survivor 
will  determine  which  is  the  most  desirable  system. 

The  following  table  presents  the  tofol  cost  and  cost-per-survivor  for  each  type  of  shelter 
system  subjected  to  detailed  consideration  in  the  course  of  study. 


SHELTER  TYPE 

Unit  Cost 

Total  Units 
(1973  Pop.) 

Totol  Cost 

Cost  Per  Person 

CULVERT  (individual) 

11,816.23 

149,500 

1,766,526,385 

5  3,820.48 

FLAT  PLATE  ROOF 

9,658.05 

149,500 

1,443,878,475 

3, 105.  II 

DOMED  ROOF 

8,891.26 

149,500 

1,329,243,370 

2,858.58 

DISHED  ROOF 

10,902.60 

149,500 

1,629,938,700 

3,505.24 

CONCRETE  BOX  (30  psi) 

6, 138.05 

149,500 

917,638,475 

1,973.41 

RIGID  COMMUNITY 

280,338.36 

465 

130,357,340 

280.33 

FLEXIBLE  COMMUNITY 

1,427,119.00  . 

.113,83- 

• 

162,448,956 

349.35 

BURIED  CONDUnr 

1 

.24,  167:,  37? 

267.02 

b.  Multi-Purpose  Cost  Shoring ' 

For  most  shelter  systems,  it  is  difficult  to  imogine  multi-purpose  or  shored-use  concepts  which 
ore  workable.  Exception,  of  course,  must  be  mode  for  the  many  new  structures  which  ore  being  designed  with 
build-in  shelter  space.  However,  the  buried  conduit  system  presented  herein  does  offer  mony  possibilities  for 
shored-use.  Conceivably  a  major  part  of  the  cost  could  be  amortized  in  this  manner.  If  one  considers  the 
—value  to  utility  systems  ond  minimum  present  value  of  o  storm  sewer  system,  moteriol  reductions  from  overall 
system  cost  should  readily  be  realized. 
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SECTION  IV.  TRAINING  REQUIREMENTS 


A.  InTroductiof) 

If  we  begin  by  considering  a  common  problem  in  a  single  community,  the  training  requirements  ore 
largely  dictated  by  the  type  of  shelter  systems.  The  requirement  may  vary  widely  from  the  most  extensive 
requirement  represented  by  totol  reliance  on  individual  shelters  to  the  minimum  which  would  be  required 
by  mass  shelter  systems. 

In  an  individual  shelter  program,  eoch  shelter  most  have  a  person  who  is  trained  to  use  radiation  mea¬ 
suring  devices  and  is  knowledgeable  in  at  least  elemental  decontamination  methods  and  procedures. .  The 
communication,  rescue,  first  aid,  and  numerous  other  survival  information  areas  that  would  be  duplicated 
for  each  shelter,  make  the  training  problem  a  quite  substantial  economic  consideration.  The  training  re¬ 
quirement  in  o  mass-shelter  system  will  be  greatly  reduced  by  the  simple  fact  that  larger  groups  can  be 
guided  ond  protected,  for  most  of  the  usual  purposes,  by  o  single  trained  person. 

In  outline  form,  the  following  specific  troining  would  be  necessary  to  initiote  and  retain  effectiveness 
of  the  buried  conduit  shelter  system.  The  skills  acquired  during  this  training  plus  other  existing  skills,  for 
all  persons  who  will  use  the  shelter  system,  should  be  placed  on  punch  cards  along  with  the  persons  shelter 
spoce  assignment  and  local  mailing  address  to  be  used  to  locate  and  contract  additional  specific  talent  when 
it  is  required. 

B.  For  the  General  Public: 

1.  Leaflets  or  Cards 

a.  Shelter  entrances 

b.  General  space  assignments 
^c.  Warning  method 

d.  What  authority  to  obey 

e.  Sources  of  Information 

f .  Sources  of  direction 

2.  Publicity  in  Public  Media  , 

a.  Newspaper  articles 

b.  Radio  and  TV  programs 

C.  For  Public  Officials,  Police, and  Firemen 

1.  Familiarization  Courses  Keyed  to  individual  Duties 

o.  Shelter  management 

b.  Nuclear  effects  monitoring 

c.  Decontamination  methods 

d.  Possible  alternatives  to  recovery  or  evacuation  plans 

2.  Specific  Detailed  Training  Programs 

a.  Rescue  operations 

b.  Internal  utility  systems 

c.  In-shelter  communication  systems  operation 

d.  Damage  control 

e.  Radiation  monitoring 

D.  For  Technical  Volunteers 

1.  Fomiliarization  courses  updating  particular  technical  skills  to  nuclear  effects  criteria 

2.  Specific  detailed  training  on  particular  technical  operations  aspects  of  the  system 

3.  Specific  training  for  sub-systems  periodic  maintenance 
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E.  Training  for  Scientific,  Medicol,  and  Legal  Advisors 

1.  Familiarization  lectures  covering  physical  configuration 

2.  Familiarization  lectures  covering  in-shelter  and  recovery  plans 

3.  Periodic  conferences  with  responsible  officlols 

F.  School,  Hospitol,  Church,  and  Service  Club  Groups 


2. 

3. 

4. 

5. 


Volunteer  manning  of  community  health  and  welfare  functions 
Monitoring  and  assistance  to  children,  handicopped,  ond  injured 
Organize  ond  staff  volunteer  first  aid  stations 
Man  kitchens  and  food  distribution  points 
Staff  information  centers 
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SECTION  V.  SUMMARY 


A.  IntroducHon  , 

This  final  report  on  contract  OCD-OS-62-232  represents  the  findings  made  in  the  course  of  a  ' 

pilot  study  which  developed  procedures  and  methodologies  for  evaluating  potential  local  hazards  from 
a  nuclear  attack.  The  procedures  are  applied  to  the  particular  hostile  environment  to  determine  poten¬ 
tial  civil  defense  countermeasures  for  cities  closely  associated  with  military  torgets.  The  specific 
subject  of  the  study  wos  Tucson,  Arizona,  and  environs. 

Systems,  which  have  evolved,  consider  the  attitudes  and  sensibilities  of  protected  man  os  well  as 
sound  scientific  and  engineering  criteria  for  structures  which  will  shield  him  from  the  hazards. 

B.  Constraints 

In  order  to  clearly  consider  the  problem  of  civil  defense  in  the  iratant  type  of  setting,  it  has  been 
postulated  in  terms  of  constraints.  These  constraints  are  further  categorized  as  technical  and  non¬ 
technical;  the  technical  constraints  being  those  subject  to  numerical  oralysis.  The  remaining  constraints 
are  then  considered  according  to  the  manner  in  which  they  will  most  likely  impinge  on  the  system. 

Nuclear  effects,  as  with  all  other  effects,  are  more  or  less  hazardous  at  o  specific  location  depending 
upon  mognitude,  proximity,  and  direction  of  the  source.  Therefore,  the  targeting  analysis  is  presented 
early  in  the  report. 

From  the  targeting  analysis,  a  set  of  numerical  engineering-loading  determinonts  are  derived 
specifically  for  the  environs  of  the  source.  These  raw  loadings  and  the  results  of  a  probability  of 
reliability  analysis,  which  is  also  developed  from  the  targeting  anolysis,  are  extrapolated  to  produce 
reasonably  accurate  predictions  of  the  types  of  hostile*environmental  hazards  which  the  system  must  confront. 

>  '  ' 

C.  Design  Evaluation  v 

t' 

Design  concepts,  evolved  to  satisfy  local  constraints,  were  then  subjected  to  cost-effectiveness  | 
analysis  as  a  part  of  early  determination  of  feasibility.  Those  systems  which  provided  the  necessary 
protection  ot  the  lowest  cost  were  investigated  further  In  terms  of  the  acceptability  they  would  enjoy  in 
the  minds  of  the  protected  people.  The  systems  which  remained  feosible  are  reported  in  greatest  detail.® 

Multiple-use  system  concepts  are  considered  most  feasible,  and  a  particularly  desirable  form  of  thisljr 
concept  is  presented  as  the  multiple-use  buried  conduit  system.  This  form  would  provide  protection  for  tne 
whole  community  in  one  continuous  shelter  system;  and,  at  the  same  time,  would  be  of  value  to  the 
community  in  numerous  other  respects.  Also,  this  system  would  cost  substantially  less,  per  person,  than  the 
other  systems;  especially  considering  the  structural  strengths  required  to  provide  protection  against  the 
extreme  hazards  potentially  presented  to  target  cities  such  as  Tucson,  Arizona. 

D.  Training  Requirements 

In  order  to  fully  appreciate  the  hazards  and,  therefore,  necessary  precautions  which  must  be  taken;  o 
high  percentage  of  the  protected  population  must  be  given  involved  training  if  more  conventional  shelter 
methods  are  pursued.  The  report  outlines  the  training  necessary  to  make  the  recommended  system  effective 
from  this  standpoint.  It  becomes  readily  apparent  that  this  training  is  substantially  less  than  would  be 
necessary,  as  on  Instance,  if  individual  shelten  comprised  the  entire  system. 
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THE  MATHEMATICS  OF  TARGETING 


A.  Generol 


This  porf  of  the  Appendix  presents,  in  detail,  the  initlol  effort  of  the  study— the  torgeting  problem,  ond  the  resulting  civil  de¬ 
fense  hazards  created  for  cities  ossocioted  with  retaliatory  milifoty  complexes.  It  is  ossumed  that  the  reader  is  familiar  with  the  general 
characteristics  of  nuclear  weapons  ond  their  effects. 


The  anolysls  of  the  general  targeting  consideration  presented  here  is  an  odaptotlon  of  work  performed  Independently  of  this  controet 
(and  prior  to  its  receipt)  by  Thomas  L.  Martin,  Jr.(o)The  original  material  from  which  this  adoptatlon  hot  been  made  has  been  published. (b) 
The  outhors  of  this  report  are  grateful  for  the  opportunity  to  moke  use  of  these  derivotions  and  computations. 

B.  The  Mathematics  of  Single  Torget  Attacks 


First  consider  the  basic  ingredients  in  the  firing  problem  against  o  single  point  target,  such  os  a  hardened  missile  site.  The  problem  and 
the  various  terms  required  in  its  description  are  shown  in  schensatic  form  in  figure  A-1. 

This  shows  a  point  target  and  the  impact  point  of  an  ottocking  weapon.  The  lethal  zone  surrounding  the  impoct  point  is  the  oreo  of  to¬ 
tal  destruction  created  by  the  attacking  weapon.  In  other  words,  if  the  lethal  zone  encompasses  the  point  target,  the  target  is  destroyed. 

If,  however,  the  target  is  outside  the  lethal  zone,  the  target  is  relatively  unaffected  ond  survives.  The  firing  problem  ogoinst  o  single 
point  target  then  reduces  to  a  calculation  of  the  number  of  weapons  of  o  given  lethal  radius  necessary  to  ochieve  some  specified  mathemati¬ 
cal  probobility  of  a  hit. 

The  calculation  of  this  radius  turns  out  to  be  a  more  complicoted  derivation  than  it  tiray  oppear  initiolly.  Consider  for  example,  a 
small  target  at  a  particular  point.  Now  suppose  that  several  thousand  carefully  aimed  missiles  ore  released  ogoinst  this  target.  In  this 
case  it  developes  thot  all  of  the  weapons,  eoch  equally  well  oimed,  do  not  hit  the  target.  Instead,  the  impact  points  ore  distributed  over 
o  wide  area  surrounding  the  torget.  The  resuits  always  appear  as  shown  opproximately  in  figure  A-2. 


TARGET 
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Figure  A-l.  Targering,  Schemotic  Diagram 


TARGET  . 

•  :•  ” 


Figure  A-2e  impoct  Points 


(o)  thomas  L.  Martin,  Jr. ,  .formerly.  Dean  of  Engineering,  The  Univenity  of  Arizono,  Tucson,  Arizono,  now  Dean  of  Engineering,  Unlver- 
sity  of  Florido,  Golnsvllle,  Florido. 

(b)  "Strategy  For  Survivol,"  by  T.  L.  Mortln,  Jr.,  and  Donald  Lothom,  The  University  of  Arizona  Press,  Tucson,  Arizono,  1963. 


Nof#  rtm  dlitrlburlon  of  th«  weopom  Impoct  polnh  in  figure  A-2.  Clearly,  ihere  ore  more  near  »he  forget  than  ore  far  oway.  Yet, 
lome  impact  points  miss  the  target  by  wide  margins.  These  variations  In  the  location  of  tlie  impoct  points  of  equally  well  aimed  weapons 
result  from  voriotions  in  the  guldonce  system  of  the  rocket,  inconsistencies  in  rocket  propulsion,  and  numerous  other  reasons.  If  o  graph 
showing  the  density  of  Impact  points  as  o  function  of  the  distance,  r,  from  the  forget  Is  mode,  the  result  always  (c)  takes  the  general  form 
shown  in  figure  A-3,  which  is  known  os  o  normal  distribution  curve  for  the  circular  cose.  This  curve  is  described  (d)  by  the  following 
equotlon; 


DENSITY 
OF  HITS 


probability  density 


Figure  A-3.  Normal  Distribution  Curve 

.  i  (  — 

r  2  '  0  ' 


where  the  various  terms  are  defined  os  follows; 


r  =  distance  measured  from  the  target 
e  =>  natural,  or  noplerion  base  -  2,716  .  .  . 
0  <°  standard  deviation 


The  standard  deviation,  e  ,  will  be  eliminated  from  this  equation  loter  and  a  new  term  Introduced. 

Under  most  elreumstances.  Interest  Is  not  centered  upon  the  probability  density,  but  on  the  more  understondoble  factor  of  simple  pro¬ 
bability,  In  particular,  the  probability  of  o  hit  against  the  target. 


It  can  be  shown  (*)  that  the  probability  P(  of  a  hit  with  a  tingle  weapon  is  given  by  the  following  equation; 

?!  -  1  -  c  2  “ 


(A.I) 


The  only  new  term  introduced  here  it  the  lethal  radius  which  It  denoted  by  L.  From  o  nidlmentory  knowledge  of  probability  It  Is  clear  from 
equation  (A.I)  that  the  probability  Qi  of  o  mist  by  a  distance  of  r  miles  or  more  is; 


.1/  1;  ,2 

2  1  o  ^ 


(A.2) 


Finally,  the  probability  Pp  of  o  hit  through  directing  n  different  weapons  against  a  single  point  target  is; 


P„  -  I  -  (1  -  Pi)" 


(A.  3) 


where; 


n  =  number  of  weapons  fired 
Pi  =  proboblllty  of  o  hit  with  one  weapon 
Pp  =  probability  of  a  hit  with  n  weapons 

Emphasis  In  mony  targeting  studies  falls  upon  the  calculation  of  the  number  of  weapons,  n,  that  must  be  directed  ogainst  a  target  to 
achieve  o  specified  probability  of  a  hit.  This  calculation  is  comparatively  simple. 

The  necessary  equation  Is  derived  by  solving  equation  (A. 3)  for  n.  The  result  is; 


„  .  1"  (l-^)  (A.4) 

In  (1-Pi) 

where  the  logorithms  may  be  token  to  the  natural  base,  e,  or  to  the  base  10. 

Practicol  calculatiora  with  these  four  formulas  ore  possible  only  when  some  physical  meoning  is  attached  to  oil  of  the  mathemoticol 
symbols.  Practlcolly  all  of  these  identifications  have  been  mode.  For  example: 

Pi  =  probability  of  a  hit  with  one  weapon 
Pp  =  probability  of  o  hit  with  n  weapons 
n  =  number  of  weapons  fired 
L  =  lethal  radius  in  miles 

(r,  Vhis  distribution  results  from  the  ossumption  of  equal  errors  in  both  range  and  deflection  end  this  is  not  taie  for  all  weopon  systems.  It  is 
close  enough,  however,  for  most  targeting  studies  in  civil  defense  planning. 

(d)  G.  A.  Korn,  T.  M.  Kom,  "Mathematical  Handbook  for  Scientists  and  Engineers",  McGraw-Hill,  New  York,  1961,  p.  569. 

(e)  P.  M.  Morse,  G.  E.  Kimball,  "Methods  of  Operations  Research",  Technology  Press,  John  Wiley  ond  Sons,  N.  Y.,  1st  Ed.,  1951,  p.ll3. 


r  ‘  dittanc*  from  impact  point  to  torgot  in  miloi 
Q  =  probobility  of  a  mill 

The  only  term  that  hoi  not  been  detcribed  in  targeting  onolyiii  terms  is,  s  ,  the  standard  deviation.  This  term  It  reloted  to  the  accuracy  of 
the  missile  firing  os  shown  below. 

Weapon  accuracy  it  expressed  in  terms  of  the  circular  probable  error,  which  it  abbreviated  CPE,  or  circle  of  equal  probability,  which 
It  abbreviated  CEP,  rather  than  in  terms  of  the  standard  deviotion  9  ,  The  CPE  (or  CEP)  is  the  radius  of  a  circle  about  the  target  which  en* 
closet  exactly  hotf,  or  50%,  of  the  impact  pelnti  In  figure  A'2.  When  missile  accuracy  is  specified  os  i  mile  or  2  miles,  it  meant  that 
the  circular  probable  error  It  I  mile  or  2  miles;  that  It,  50%  of  the  bombs  dropped  or  the  mittllet  fired  land  within  I  mile  or  2  miles  of  the 
target,  CPE  will  be  used  herein  to  designate  the  general  concept  of  error  proitablltty. 


The  standard  deviation  e  Is  related  to  the  circular  proboble  error  by  a  constant  factor  of  0.849  to  that  e  0.849  CPE,  This  factor 
It  determined  by  setting  Pi  equal  to  0.50  and  L  equal  to  CPE  In  equotlon  (A.I)  and  solving  for  e  in  terms  of  CPE.  Hence,  the  probability 
P,  of  0  hit  with  a  single  weapon  against  a  single  point  target  can  be  written  In  terms  of  the  lethal  radius  L  and  clrculor  probable  error  CEP 
at;  2 

-  0.693  (  L  y 
CPE 
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(A.5) 


and  the  probability  Q,  of  o  miss  it  quite  cleorly;  , 

-  0,693  (  L  3^ 

Ql  -  l-Pi  -  e 

With  these  probabilities  In  this  form,  the  equation  for  P„  ond  n  are  unchanged. 


(A.6) 


The  circufOr  probable  error  for  Russian  rocketry  it  believed  to  be  approximately  2  miles,  though  improving  rapidly  and  significantly. 
In  particular,  in  1962,  Russian  rocketry  was  usually  credited  with  a  circular  probable  error  somewhere  between  about  I  and  2  miles.  In 
the  period  covering  1964  and  1965  It  It  believed  that  this  will  improve  to  about  I  mile.  The  United  States  presently  (1964)  claims  i/2  to  I 
mile  circular  probable  errors  for  Its  missiles  and  it  therefore  seems  reesoneble  for  civil  defense  plonning  to  assume  that  the  Russians  hove 
approximately  the  some  accuracy.  Toble  A~l  lists  probabilities  for  CPE's  of  1/2,  I,  and  2  miles. 


C .  A  Numerical  Example 

The  formulas  developed  In  the  preceding  dlteustlon  provide  the  basts  for  particular  and  detailed  targeting  studies.  Although  these 
equotlons  are  quite  simple,  the  concepts  may  be  unfamiliar.  An  illustrative  example  may  help  to  unify  the  subject. 

Consider  firing  o  rocket  which  has  an  accuracy  corresponding  to  a  circular  probable  error  of  2  miles.  In  addition,  assume  that  It 
carries  a  thermonuclear  warhead  with  a  yield  which  provides  a  lethal  radius  of  0.65  miles.  The  assumed  situation  requires  that  the  symbols 
In  the  preceding  formulas  have  the  following  values: 

l'  =  O.’dS' miles 
CPE  ~  2m!les 

The  probability  of  P,  of  o  hit  with  a  tingle  missile  it  calculated  from  equation  (A.5).  Sufaetltution  of  the  above  values  in  this  equo* 
tion  results  in;  ' 


Pi  =  0.254 

Thus,  the  probability  of  o  hit  Is  25.4%,  corresponding  to  about  I  chance  out  of  4  tries  that  there  will  be  a  destructive  hit. 
Similarly,  using  equation  (A.6),  the  probability  Q|  of  o  miu  It  found  to  be: 


Q,  =  0,746 


Note  that  the  sum  of  the  hit  probability  ond  the  mist  probability  it  I,  or  certointy. 
the  missile  will  either  hit  or  miss. 


TABLE  A-l 


This  simply  means  that  the  chances  are  100%  thot 

.it 


PROBABILITY  OF  A  HIT  AGAINST  A  SINGLE  POINT  TARGET  BY  A  SINGLE  WEAPON 


Lethal  Radius  L  In  Miles 

Probability  of  o  Hit  in  Percent 

c 

1/2  mile  CPE 

1  mile  CPE  2 

miles  CPE 

.50 

50 

16 

4 

.75 

79 

32 

9 

1.00 

94 

50 

16 

1.50 

99.8 

79 

32 

2.00 

over  99.99 

94 

50 

2.50 

almost  100 

98 

66 

3.00 

olmett  100 

99.8 

79 

4.00 

almost  100 

over99,99 

94 

The  calculation  obove  showed  that  there  it  about  I  chance  In  4  of  a  hit  with  a  tingle  missile.  One  might  be  Inclined  to  ostume  then 
thot  the  firing  of  4  mitsllet  would  certainly  produce  a  hit,  thot  it,  the  probability  P.  would  be  100%,  however,  this  it  not  true.  In  equation 
(A. 3),  let:  ’ 

n  =  4 

Pi  *  0.254  =  probability  of  a  hit  with  I  missile 


Th*n  It  Found  to  b«;  »  0.691 

Thli  hit  proboblllty  of  69, 1%  ii  much  lou  than  tht  100%  that  Intuitive  guMilng  may  havt  luggeited.  This  discrepancy  undeneores  the  od* 
vontoge  of  a  rigorous  mothemotlcol  onolysls  In  preventing  the  analyst  from  arriving  at  erroneous  but  seemingly  logical  conclusions. 

Suppose,  however.  It  It  necessary  to  knew  how  many  of  these  particular  rockets  mutt  be  Fired  ogoinst  the  torget  to  create  an  80%  pro¬ 
bability  of  o  hit.  Equotlon  (A.4)  It  now  used  with;  / 


I 

I 

'■% 


Ll 


0.254 


P;,  =  0.80 


and  the  value  of  n  Is  computed  to  be:  n  =  5.5,  which  rounds  off  to  6  in  whole  numbers. 


Hence,  six  missiles  of  2  mile  CPE  and  0.65  mile  lethal  radius  mutt  be  fired  against  the  torget  to  hove  an  80%  probability  of  scoring 
a  hit.  Table  A. 2  lists  typical  results  for  the  multiple  firing  problem. 


TABLE  A-2 

PROBABILITY  OF  A  HIT  AGAINST  A  SINGLE  POINT  TARGET  BY  FIRING  SEVERAL  WEAPONS 
Probability  of  o  hit  with  I  weopon  in  percent  Probability  of  a  hit  in  percent  by  firing  several  weapons 


2  weopont  fired 

3  weapons  fired 

4  weapons  fired 

5  weapons 

4 

7.6 

12 

15 

18 

9 

17 

25 

31 

37 

16 

29 

41 

50 

58 

32 

54 

69 

79 

85 

50 

75 

88 

94 

98 

66 

88 

96 

99 

99+ 

79 

96 

99 

99f 

99+ 

94 

99t 

99f 

99t 

99+ 

98 

99f 

99t 

99+ 

99+ 

later  In  this  report,  ealculotlons  of  this  sort  ore  used  to  compute  the' probable  number  end  size  of  weapons  to  be  used  ogoinst  missile 
sites,  olr  bates,  and  cities.  Before  doing  this,  the  mathematics  of  targeting  will  be  applied  to  the  miss  distance  problem, 

D,  The  Mist  Distance  Problem 


■.tis 

■'I 

■■'i' 

'.f 


I 


Earlier,  In  equation  (A. 6),  the  formula  for  the  probability  Qi  thot  o  weapon  will  mitt  the  target  by  a  distance  exceeding  the  lethal 
radius  L  was  given.  If  L  It  replaced  by  r,  the  equation  then  specifies  the  probability ,Q), that  the  weapon  will  mitt  the  aiming  point  by  a 
distance  of  r  miles  or  more.  The  result  It;  , 

-  0.693  (  r  y 

Qj  -  e  C'T  (A-7) 

This  probability  moy  be  calculated  for  any  tsiecifled  circular  probable  error  CPE  end  miss  distance,  r.  Some  typical  results  ore  given  In 
Table  (A. 3). 

TABLE  A-3  . 

PROBABILITY  THAT  A  WEAPON  WILL  MISS  THE  AIMING  POINT 


Miss  Distance  In  Miles 


2 

.3 

4 

5 

6 


Percent  probability  of  a  mitt 


I 


2  Mile  CPE 

1  Mile  CPE 

50 

6.2 

21 

0.2  1 

6.3 

lest  thon  0.01 

1.3 

less  than  0.01 

0.2 

virtually  zero 

■'S' 

"if 


Table  A-3  shows  thot  the  probability  that  a  weapon  will  miss  the  aiming  point  by  5  miles  or  more  it  only  1.3%,  or  about  one  chance 
;in  obout  77,  when  the  circular  probable  error  it  two  miles.  When  the  weopon  occurocy  is  improved  to  correspond  to  a  circular  probable 
error  of  one  mile,  the  chances  of  a  miss  by  a  distance  of  only  three  miles  or  more  Is  only  0.2%,  or  about  one  chonce  in  500.  While  there 
it  always  tome  chance  that  a  weapon  will  miss  the  aiming  point  by  o  large  distance,  the  proboblllty  it  very  smoll. 

E  .  The  Matherrxitlct  of  Mony-Torget  Attacks 


Up  to  this  point  the  discussion  hot  treated  tingle  firing  problerra,  that  is,  firings  against  one  target  at  o  time.  Now,  every  single 
target  which  requires  separate  aiming  constitutes  a  separate  Firing  problem  and  is  known  as  a  ballistically  independent  target.  Thus,  the 
preceding  discussion  could  hove  been  called,  the  mathematics  of  attacking  ballistically  independent  targets. 

There  Is  o  mothenwitleal  method  which  provides  tome  Insight  Into  the  many  target  problem.  Indeed,  without  this  motheirtatics  there 
it  no  woy  to  attest  the  many  delicate  nuances  of  tactical  plant  and  their  consequences.  Let; 

X  =  number  of  ballistically  independent  targets  which  must  be  ottacked 
y  =  number  of  hits  desired 

P,)  =  probability  of  o  hit  against  each  of  the  X  ballistically  independent  targets. 


■w. 

•M 


A-4 


Thi»  probobilUy  P„  of  0  hit  ogainsf  .ach  target  moy  result  from  an  attack  with  one  weopon  Wlwing 

using  equotioo  (A?3).  It  only  nxstfers  that  Is  the  probability  of  o  hit  ogoinst  a  single,  ballistieally  independent,  targe  . 

No«  assume  that  the  ottaeker  can  odjust  this  hit  probobility  P  ot  will.  This  is  o  good  assumption  os  seen  from 
given  eorller.  Further  assume  that  the  attacker  adjusts  this  probabilVty  P„  so  that  ,t  ha.  the  jame  v^u.  for 

target.  Then,  the  overoll  probobility  P^y  of  moking  at  least  y  hits  out  of  x  wrgeH,  where  the  probobility  of  hitting  each  target  P„,  is.  It) 

■»  '•  n.p  .’‘-J  (^-8) 

%  ‘  ,2-1  iHx-j):  'n 

J  "  y  . 

Where,  for  convenience  in  reference,  define  again  these  vorious  terms  os  follows: 

X  •  number  of  independent  targets 
y  =  number  of  hits 

P„  =  probability  of  o  hit  against  one  target 
P  =  overall  probability  of  hitting  ot  least  y  targets 

/  =  integer  hoving  values  starting  with  y  and  proceeding  one  digit  ot  o  time  up  tax 

I  =  denotes  a  factorial  quantity;  for  example:  51  =  (5)(4)(3)(2)(l)  =  120  i 

Consider  a  hypothetieol  attack  ogoinst  our  42  Strotegic  Air  Commond  bomber  bases.  Suppose  thot  the  enemy  stiote^sts  would  like  to 
hit  ot  leost  40  of  these  boses  to  limit  our  retaliatory  strike  and  thereby  minimiie  damoge  to  themselves.  P'notly,  “sume  that  the  enemy  ^ 
wants  to  be  rather  certain  of  accomplishing  this,  in  view  of  the  consequences  of  failure,  ond  they  set  a  95%  probobi lity^  of  success  os  ^  . 
necessary  to  their  plans.  They  must  now  determine  the  hit  probability  neeessoty  ogoinst  eoch  of  the  42  bollistically  independent  targets, 
to  produce  a  95%  probability  of  hitting  at  least  40  of  these  SAC  bases. 

Therefore,  the  mathemoticol  symbols  in  equotion  (A. 8)  now  have  the  following  porticulor  values  for  this  assumed,  hypothetic^. 


P  =  0.95 

X  =  42 


The  mathemoticol  problem  reduces  to  a  calculation  of  When  these  numbers  ore  substituted  Into  equotion  (A. 8)  the  result  is: 


0.93  -  861  Pf  +  '■r 


This  equation  can  be  solved  by  trial  and  error.  That  Is,  assume  o  value  for  P„,  substitute  this  Into  equation  (A. 9)  and  sea  If  the 
equation  Is  satisfied.  This  procedure  eventually  yields  the  following  answer:  P  »  0.98.  Thus,  the  hit  probability  required  ogoinst  eoch 
individual  SAC  bomber  base  must  be  98%  to  achieve  an  overall  probability  of  95%  of  hitting  ot  least  40  of  the  42  bases. 

The  enemy  must  next  determine  the  number  of  weapons  required  to  mount  this  ottaek,  and  to  determine  whether  they  possess  the 
resources  necessary  to  carry  out  the  strike  with  the  assurances  of  success  they  demand.  The  first  step  In  this  calculation  is  the  computotlon 
of  the  probability  Pi  of  a  hit  with  one  weapon  ogoinst  a  single  target.  This  probability  it  given  In  terms  of  the  lethol  radius  L  ond  eircutor 
probable  error  CPE  In  equation  (A. 5)  os:  -  0.693  (  L 


probable  error  CPE  in  equation  (A.o)  as:  .  0.693  (  _L_  ) 

»  1  .  CPE 

Pj  -  I  -  e 

t  t 

Next,  the  number  of  weapons  n  required  to  attack  each  base  to  give  o  probobility  P^  of  o  hit,  when  eoch  weapon  has  o  hit  probability  of 
pi,  is  given  by  equation  (A. 4)  as: 

I.  - 

ln(l-P[) 

Then,  the  total  number  N  of  weapons  required  for  the  whole  attack  against  oil  x  targets  Is:  N  =  xn  =  42  n. 

This  number  is  then  compared  ogoinst  the  Inventory  of  available  weapons  ond  the  feasibility  of  the  ottaek  moy  be  estimoted. 

With  the  oid  of  combinatorial  probabilities  it  is  clear  that  attack  planning  Is  perfectly  straight  forward  when  the  real  uncertainties 
Have  been  assumed  ouf  of  existence. 

If  would  be  incorrect  to  think  that  these  calculations  are  simple;  they  ore  straight  forword,  but  not  simple.  The  preceding  illustration 
treated  a  mere  42  point  ottaek.  Yet  we  know  that  any  potential  attacker  most  necessarily  consider  something  much  closer  to  o  1,000  point 
attack. 

The  routine  mechanics  of  ualculoting  1,000  point  ottacks  ore  extremely  time  consuming  ond  the  type  of  calcolotion  customarily 
handled  by  large  scale,  electronic  digital  computers  or  by  various  opproximotion  techniques.  With  the  cooperation  of  the  Numerical 
Anolysis  Loboratory  of  The  University  of  Arizona,  equation  (A.  8)  was  approximoted  ond  a  series  of  solutions  were  computed  for  vorious 
assumed  attack  conditions.  The  results  of  this  computation  are  compiled  In  Tobies  A-A  and  A-5  . 

The  great  advantages  of  this  mothematical  approach  is  the  precise  woy  in  which  it  pinpoints  the  assumptions  necessory  In  ony  postu- 
loted  ottaek  plon. 

F,  Arsolysis  of  the  Many-Point  Attack  Data 

Consider  first  the  use  of  Table  A-2  ,  for  example.  Assume  o  hypothetieol  ottaek  pottem  ogoinst  600  targets  with  the  requirement 
that  ot  least  550  be  ebstroyed  with  an  overall  success  probability  of  90%.  In  symbolic  form  then,  x  =»  600,  y  «  550,  ond  “  0.90.  From 
Toble  (A. 4)  the  volue  for  P^  is  found  to  be  0.93.  Thot  Is,  the  prebabillty  of  hitting  eoch  of  the  600  targets  most  be  93%  to  hove  on  over¬ 
oll  probability  of  90%  of  hitting  at  least  550  of  the  600  targets.  Similar  volues  con  be  worked  out  for  various  other  ossumed  ottaek  potterns. 


Korn  ondl^orn,  op,  eit..  See.  18.2-1  to  18.2-5. 
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TABLE  A-4 


LARGE  SCALE  (400  (o  1,000)  MANY-POINT  ATTACK  DATA 


=  Probability  Roquirod  For  o  Hlf  on.o  Single  Target  (Given  In  the  x  column) 


p 

'xy 

y 

x  =  400 

y 

x  =  600 

y 

8 

CO 

11 

X 

y 

X  =  1000 

0.85 

300 

0.77 

500 

0.85 

650 

0.83 

850 

0.86 

350 

0.89 

550 

0.93 

700 

0.89 

900 

0.91 

375 

0.95 

575 

0.97 

750 

0.95 

950 

0.96 

0.90 

300 

0.78 

500 

0.85 

650 

0.83 

850 

0.86 

350 

0.89 

550 

0.93 

700 

0.89 

900 

0.91 

375 

0.95 

575 

0.97 

750 

0.95 

950 

0.96 

0.95 

300 

0.78 

500 

0.86 

650 

0.83 

850 

0.87 

350 

0.90 

550 

0.94 

700 

0.89 

900 

0.92 

375 

0.96 

575 

0.97 

750 

0.95 

950 

0.96 

% 

y 

TABLE  A-5 

SMALL  SCALE  (40  to  100)  MANY-POINT  ATTACK  DATA 

P,,  =  Probability  Required  For  o  Hit  on  a  Single  Torget  (Given 

x  =  42  y  x  =  60  y  x  =  80 

In  the  X 

y 

column) 

x=  100 

0.70 

27 

0.67 

45 

0.77 

65 

0.83 

85 

0.86 

32 

0.78 

50 

0.85 

70 

0.89 

90 

0.91 

37 

0.89 

55 

0.92 

75 

0.94 

95 

0.95 

40 

0.95 

58 

0.97 

78 

0.98 

98 

0,98 

0.80 

27 

0.69 

45 

0.79 

65 

0.84 

85 

0.88 

32 

0.80 

50 

0.86 

70 

0.90 

90 

0,92 

37 

0.91 

55 

0.94 

75 

0.95 

95 

0.96 

40 

0.96 

58 

0.97 

78 

0.98 

98 

0.99 

0.90 

27 

0.72 

45 

0.81 

65 

0.86 

85 

0,89 

32 

0.83 

50 

0.88 

70 

0.91 

90 

0.93 

37 

0.92 

55 

0.95 

75 

0.96 

95 

0.97 

40 

0.97 

58 

0.98 

78 

0.99 

98 

0.99 

0.95 

27 

0.74 

45 

0.83 

65 

0.87 

85 

0.90 

32 

0.85 

50 

0.89 

70 

0.93 

90 

0.94 

37 

0.94 

55 

0.96 

75 

0.97 

95  ■ 

0.97 

40 

0.98 

58 

0.99 

78 

0.99 

98 

0,99 

Both  tables  reveal  on  Important  characteristic  of  the  mathematics,  though  it  is  somewhot  more  evident  In  Toble  A*4  .  Assume  any 
volue  for  x  ond  y  and  then  note  the  values  for  P„  for  eoch  value  of  P^y.  For  example,  take  x  =  400  and  y  =  500.  Then: 


P  =0.85  when  P  =  0.85 
p"  =  0.85  when  P^;  =  0.90 
P„  =  0.86  when  P^J,  =  0.95 

In  other  words,  the  overall  probability  of  success  P^y  In  hitting  ot  leost  y  of  the  x  targets  hos  very  little  effect  on  the  single  target  hit 
probability  P,,.  This  Is  true  only  for  large  values  of  x  and  y  and  when  P^y  begins  to  approach  I. 

Now  consider  the  doto  slightly  differently.  Assume  any  value  for  x  ond  P^y  ond  then  note  the  values  for  P^^  for  each  value  of  y. 

For  example,  take  x  =  600  and  P  =  0.85.  Then: 

*7 

Pn  =  0.85  for  y  =  500 

Pn  =  0.93  for  y  =  550 

P„  =  0.97  for  y  =  575 
n  ' 

In  short,  the  single  target  hit  probability  P^  is  quite  sensitive  to  changes  in  the  number  of  targets  thot  must  be  hit. 

These  observotions  may  be  interpreted  to  mean  thot  attack  plonning  Is  much  more  crutlally  dependent  upon  the  number  of  targets  that 
must  be  hit  than  it  Is  upon  the  overall  probobillty  of  success.  In  other  words.  In  the  targeting  studies  which  follow,  greater  core  must  be 
exercised  In  the  selection  of  the  value  for  y  than  Is  required  in  assigning  o  value  to  P^y. 

The  Importance  of  this  conclusion  should  be  more  apparent  ofter  tracing  through  the  onolyses  that  follow. 

G.  Targeting  Hardened  Missile  Sites 

The  term  hardening  Is  used  to  designate  the  process  whereby  a  structure  is  deliberately  strengthened  to  withstand  some  specified  amount 
of  weapon  effect,  usually  in  terms  of  blast  overpressure.  Most  missile  sites  within  the  continental  United  States  are  hordened  to  withstand 
blast  overpressures  of  either  25  pei,  100  psi,  or  300  psi,  depending  upon  the  particular  missile  installation.  In  theory,  missile  silos  hardened 


to  th«te  leveli  could  wUhstond  these  blast  overpressures  from  o  nearby  nuclear  explosion  and  survive  in  workable  condition. 

Hardened  missile  silos  ere  point  targets  and  each  missile  in  its  launching  silo  is  balllstically  independent  of  oil  other  silos.  There¬ 
fore,  all  of  the  mathemoticol  formulas  discussed  up  to  this  point  eon  now  be  used  for  targeting  studies  of  hardened  missile  sites. 

As  0  first  step,  the  number  of  bollisticolly  independent  targets  to  be  used  in  the  analysis  must  be  specified.  This  is  the  factor  x 
which  oppears  in  equatian  (A. 8).  Assume  that  x  =  1000  because  this  number  corresponds  very  closely  to  the  expected  Americon  inventory  . 
of  operational  missiles  in  1965.  Next,  try  to  estimote  the  number  of  misses  the  enemy  may  believe  they  eon  tolerate.  The  enemy  will 
virtually  be  required  to  assume  thot  nearly  every  one  of  our  missiles  thot  they  miss  will  eventually  land  in  enemy  territory.  When  those 
weapons  ore  added  to  those  delivered  by  surviving  bombers  of  the  Strotegic  Air  Command,  from  carrier-based  nucleor  bombers,  ond  from 
Polaris  submarines,  it  is  cleor  that  thq  enemy  cannot  afford  very  many  misses  in  any  target  category.  Arbitrarily,  now  assume  that  they 
will  wont  to  hit  ot  leost  950  of  the  1000  targets,  leaving  no  more  thon  50  available  to  the  United  States  for  retaliation.  Thus,  the  factor 
y  oppeoring  in  equotlon  (A. 8)  has  a  value  of  950. 

This  might  seem  to  be  a  rather  large  number  of  surviving  U.  S.  missiles,  but  it  also  looks  like  a  high  percentage  of  hits;  Our  Atlos 
and  Titan  missiles  carry  warheads  of  about  7  megotons  while  the  Minuteman  lifts  something  less  thon  I  megaton.  Moreover,  the  Minuteman 
will  outnumber  the  Atlas  and  Titan  missiles  by  nearly  4  to  I  in  1965.  So,  as  a  crude  guess.  If  50  missiles  survive  there  should  be  about  40 
Minutemen  and  about  10  Atlas  or  Titara.  The  total  megatonnage  then  delivered  by  these  forces  would  then  be  about  NO  megatons.  This 
would  create  considerable  destruction,  but  possibly  not  so  great  that  it  could  not  be  considered  "occeptoble'',  oil  factors  taken  into  account. 

Next,  the  probability  Pxy  of  success  which  the  enemy  feels  most  be  attached  to  this  strike  must  be  estimated.  In  other  words,  what 
assurances  of  success  do  they  consider  the  minimum  to  warrant  the  risk  of  failure.  Based  upon  the  discussion  In  the  preceding  section,  ond 
rather  arbitrarily,  ossume  thot  the  enemy  could  not  accept  on  overall  probability  Pxy  of  success  of  less  thon  obout  90  percent.  Anything 
less  could  be  catastrophic  while  anything  more  might  require  on  excessive  expenditure  of  ottocklng  missiles. 

Thus,  to  sum  up  the  bosis  for  the  targeting  against  missile  sites: 

X  =  1000  =  number  of  target  points 
y  =  950  =  minimum  number  of  hits 
Pxy  =  0,90=  overall  probobllity  of  success 

Table  A-4  shows  that  these  assumed  targeting  conditions  require  a  hit  probobllity  Pn  of  0.96  For  the  attack  against  each  of  the  1000  missile 
sites. 


Before  proceeding  further,  consider  the  fact  thot  this  point  In  the  onolysli  was  reached  with  very  little  focturol  support— it  hos  been 
accomplished  by  arbltrory  assumptions.  Certain  readers  may  abject  to  tome  of  thete  ossumptlont  on  various  grounds,  including  access  to 
better  Information.  However,  the  study  wot  in  enough  detail  to  that  other  cemputatlons  may  be  mode,  by  any  reader,  if  better  information 
it  available. 


A  First  guest  at  a  possible  value  for  Pn  hot  been  mode.  The  number  of  mlstllet  required  for  an  attack  against  each  target  may  now 
be  determined.  The  necessa^  relationship  It  given  by  equation  (A. 4).  That  It: 

"  ■  fA  in 

where  P,  =  probability  of  o  hit  ogolnst  a  target  with  o  single  miuile.  This  probobillty  Pi  wot  given  previously  in  equotlon  (A. 5)  os: 

-  0.693  ( 

P,  .  1  -  e 


By  re-orranging  the  terms  in  this  equation,  it  may  be  written: 

ln(l-P,)  =  -  0.693(  L 

^  CPE  (A.  12) 

Substituting  this  result  into  equation  (A.  II),  the  number  of  missiles  required  for  an  ottock  agoinst  o  tingle  torget  can  be  determined,  that  it: 


„  .  1  (  CPE 

0.693  L 


(A.  13) 


This  result  can  now  be  specialized,  to  the  porticular  ottock  pottern  theorized,  by  reploeing  Pn  with  its  computed  value  of  0.96,  ond  then 
computing  In(l-Pn).  The  final  result  It: 

n  »  6.65  (  CPE 

C  (A.  14) 

whore  n,  in  this  cose,  is  the  number  of  missiles  required  to  give  o  probobllity  Pn  of  0.96  of  hitting  the  torget.  For  ease  of  colculotion  the 
equotion  has  been  expressed  ii-;  terms  of  the  lethol  radius  L  and  CPE. 


Equotlon  (A.  14)  may  be  specialized  to  the  cases  of  portlculor  ond  representative  missile  accuracies  by  inserting  approximoto  values 
for  the  CPE.  This  procedure  leads  to  the  following  very  compact  formulas: 

n(CPE  =  1/2  mile)  =  I.I6/l2  m.is) 

n(CPE  =  lmile)  =4.65/kr  MJA) 

n(CPE  =  2  miles)  =  18.6/L^  (A. 17) 

Thete  formulas  simplify  calculations  to  be  made  In  a  few  moments. 


The  eolculatlon  cannot  be  completed  until  proper  values  are  available  for  the  lethol  radius  L  for  different  degrees  of  hardening  and 
weopon  yield.  The  lethal  radius  Is  the  one  remaining  unknown  in  these  fbrmulos. 

The  lethal  radius  it  defined  as  the  distance  from  ground  zero  to  the  point  where  the  blast  overpressure  It  large  enough  to  couse  des¬ 
truction  of  the  target.  Auume  that  thete  destructive  overpressures  ore  os  follows: 


(1)  for  25  ft\  hordoning  -  destruction  b/  30  psi 

(2)  for  100  pst  hordening  -  destruction  by  120  psi 

(3)  for  300  psi  hardening  -  destruction  by  350  psi 

These  ore  ossumptiora  unsupported  by  factual  knowledge  of  structural  safety  factors  used  in  the  construction  of  missile  silos. 

The  lethal  radii  corresponding  to  these  pressure  levels  for  rsucleor  weapons  of  different  yield  ore  given  in  Table  A~6  . 

Surface  bursts  hove  been  assumed  In  all  coses  beeouse,  at  these  high  overpressure  levels  of  30/  120,  and  350  psi,  the  lethal  radii 
of  surfoce  bursts  exceeds  that  of  air  bursts.  In  short,  in  this  application,  surface  bursts  represent  o  more  economical  usage  of  nuclear  weopons 

There  is  o  possibility  of  using  bursts  below  the  surface  of  the  ground  agolnst  highly  hardened  targets.  Although  information  on  this 
subject  is  limited,  it  does  indicate  that  such  expiosions  create  much  stronger  ground  shocks  and  larger  craters  than  surface  bursts  of  equal 
yield. 


Substituting  these  lethal  radii  into  equations  (A. 15)  through  {A. IT)  and  assuming  o  hit  probability  Pn  of  0.96,  the  number,  n,  of 
missiles  required  to  hit  each  target  may  be  determined.  The  results  ore  given  In  Table  A-7  for  three  different,  but  representative,  CPE's. 

Certain  conclusions  ore  obvious  from  this  table.  For  example,  it  Is  very  cleor  thot  It  is  o  neor  impossibility  to  plon  o  rational 
attack  ogoinst  300  psi  hardened  targets,  with  I  megaton  warheads,  eotried  by  missiles  with  on  accuracy  of  2  miles.  Each  such  attack  would 
require  91  missiles  and  the  cost  would  bm  extremely  high.  Conversely,  there  Is  no  reason  to  use  o  50  megaton  weapon  with  o  1/2  mile  CPE 
ogoinst  a  25  psi  hardened  target.  Table  A-7  shows  that  a  single  0.5  megaton  weapon  would  do  the  job  just  os  well.  Clearly,  tabular  data 
of  this  form  ore  vital  in  detailed  targeting  studies. 

An  attack  in  a  period  when  the  United  States  will  have  about  1000  hardened  missiles  in  ploce  has  been  postulated.  In  this  period 
Russian  missile  accuracy  should  be  quite  close  to  the  1/2  mile  CPE  cotegory.  Thus,  reference  to  table  A-7  shows  that  the  most  likely 
weapons  to  be  used  ogoinst  United  States  horderwd  missile  sites  are  the  following: 

(1)  agairsst  25  psi  hardening  -  1.0  megaton 

(2)  against  100  psi  hardening  -  5  megatorts 
against  300  psi  hardening  -  10-20  megatons 

TABLE  A-5 


THE  LETHAL  RADII  OF  NUCLEAR  WEAPONS 
AGAINST  HARDENED  TARGET  -  SURFACE  BURST 


Bomb 

Lethal  radius  L  In  miles 

Yield 

25  psi  hardening 

loo  pel  hordening 

300  psi  hardening 

Megatons 

30  psi  contour 

120  pel  contour 

350  psi  contour 

0.5 

.88 

.46 

.30 

1 

l.ll 

.59 

.38 

2 

1.39 

.74 

.48 

5 

1.87 

I.OI 

.65 

10 

2.39 

1.29 

.82 

20 

3.00 

1.60 

1.03 

50 

4.12 

2.24 

1.40 

100 

5.19 

2.81 

1.77 

TABLE  A-7 

NUMBER  (fl)  OF  MISSILES  REQUIRED  TO  GIVE  A 

PERCENT 

PROBABILITY  OF  A  HIT  AGAINST  HARDENED 

TARGETS 

Bomb 

n  = 

number  of  missiles  required 

Yield  in  25 

psi  hardening 

100  psi  hordening 

300  psi  hardening 

Megotons  2  rr.ile  1  mile  1/2  mile 

2  mile 

1  mile  1/2  mile 

2  mile  1  mile 

1/2  ml 

CPE  CPE  CPE 

CPE 

CPE  CPE 

CPE  CPE 

CPE 

0.5  24 

6  2 

88 

22  5 

200  51 

13 

1  15 

4  1 

54 

13  3 

129  32 

8 

2  10 

2  1 

34 

9  2 

81  20 

5 

5  5 

18 

5  1 

44  II 

3 

10  3 

12 

3  1 

28  7 

2 

20  2 

1  1 

7 

2  1 

18  4 

1 

50 

1  1 

4 

1  1 

10  2 

1 

100 

1  1 

2 

1  1 

6  1 

1 

Because  of  the  many  uncertainties  which  underlie  this  ortalysls,  particulorly  the  1/2  mile  figure  assumed  for  the  CPE,  the  results 
computed  should  be  interpreted  to  be  fint  opproximations  which  con  and  should  be  refined  os  additional  information  becomes  ovoiloble.  In 
portlculor.  It  is  probably  best  to  soy: 

0.5  to  I  megaton  against  25  psi  hardening 
5  to  7  megatons  against  lOO  psi  hardening 
10  to  20  megatons  against  300  psi  hardening 

In  view  of  the  above  analysis,  a  10  megaton  surface  burst  is  postuloted  for  the  300  psi  hardened,  Titan  II  missile  sites. 

(4)  Rounded  ofITo  the  neorest  whole  number;  0.5  rounded  off  to  the  next  largest  whole  number. 


A-8 


H  ,  Targeting  Air  Bases 

There  ore  more  than  100  cities  In  the  United  States  locoted  neor  major  bases  of  the  Strotegic  Air  Command  and  Air  Defense  Commend. 
Hence,  an  estimate  of  the  proboble  nuclear  weapons  which  might  be  used  agoinst  air  boses  Is  information  of  vital  concern  to  several  million 
United  States  citizens. 

In  milltory  parlance,  air  bases  are  soft  targets,  meaning  that  all  of  the  buildings  and  parked  aircraft  ore  extremely  vulnerable  to  the 
effects  of  air  blast.  It  has  been  noted  that  tests  in  Nevoda  indicate  thot  complete  destruction  of  aircroft  occurs  ot  peak  overpressures  in 
the  vicinity  of  five  pounds  per  square  inch.  In  addition,  the  light  industriol  type  buildings  and  residential  construction  characteristic  of 
Air  Force  ^ses  are  damaged  very  severely,  or  destroyed  completely,  by  blast  overpressures  of  5  psi.  Thus,  in  general,  the  weapon  to  be 
used  agoinst  an  air  base  is  selected  to  create  at  least  5  ps!  of  blast  overpressure  over  the  entire  working  area  of  the  air  base. 

Most  of  our  air  bases  have  an  alert  city  to  house  the  flying  personnel  who  are  maintained  on  an  alert  status.  These  alert  cities  ore 
buried  in  the  ground  and  hardened  to  resist  the  effects  of  air  blost  overpressure.  It  is  estimated  that  these  structures  ore  hardened  to  with¬ 
stand  obout  25  psi  overpressure. 

With  this  degree  of  hardening,  these  alert  cities  could  survive  close  to  the  ground  zero  point  of  an  air  burst  of  a  nuclear  weapon, 
however,  they  would  very  likely  collopse  under  the  increosed  overpressure  ond  ground  shock  creoted  by  a  surface  burst.  The  alert  cities 
ore  usually  very  near  the  alert  aircraft  and  are  correspondingly  quite  close  to  the  oiming  point  or  expected  ground  zero. 

Fuel  and  nuclear  weapons  are  probably  stored  in  hardened  structures  with  hardening  estimated  at  25  psi.  This  hardening  moy  be  in 
an  intrinsic  characteristic  of  the  storage  structure,  such  as  cylindrical  tanks,  or  it  may  be  by  special  design.  Moreover,  because  of  the 
characteristics  of  modern  aircraft,  the  runway  is  hardened  and  should  withstood  blost  overpressures  well  in  excess  of  25  psi.  In  effect  then, 
the  modern  Air  Force  base  appears  likely  to  ^  targeted  as  a  soft  target  with  some  hardened  components.  ‘ 

Becouse  nearly  all  air  bases  contain  some  hardened  elements,  some  onalystt(l’)  have  developed  their  targeting  on  the  ossumption  that 
the  entire  base  must  be  treated  as  a  25  psi  hardened  target.  However,  it  is  felt  here  that  this  is  an  overly  pessimistic  approach  which  leads 
to  prediction  of  an  excessively  heavy  megaton  attack.  The  air  base  can  be  killed  with  much  less  weapon  yield  thon  this  sort  of  calculation 
suggests. 

It  would  be  feasible  to  plan  an  attack  against  an  air  base  using  either  an  air  burst  or  o  surface  burst.  The  surface  bunt,  however, 
provides  the  superior  tactics  because  this  bunt  creates  massive  quantities  of  local  fallout.  The  extremely  Intense  layer  of  radioactivity 
laid  down  by  this  fallout  would  be  so  severe  that  It  would  Immobilize  the  air  base  for  a  long  period  of  time.  The  high  levels  of  radiation 
intensity  resuiting  from  a  surface  bunt  would  require  the  surviving  base  personnel  to  remain  sheltered.  Thus,  for  some  time  the  bose  could 
not  be  used  for  further  prosecution  of  the  war  even  though  the  runways,  stored  bombs,  and  fuel  might  be  undamaged.  It  is  not  necessary, 
therefore,  to  totally  destroy  all  hardened  components;  It  Is  only  necessary  to  destroy  the  fragile  exposed  aircraft  by  blast  overpressure  and 
then  to  render  the  oir  base  unusable  because  of  intense  radioactive  fallout. 

These  dual  objectives  are  met  very  readily  through  the  use  of  a  surface  bunt  with  the  yield  chosen  to  create  a  blest  overpressure  of 
5  psi  over  the  entire  area  of  the  base.  There  Is  on  additional  benefit  oecruing  from  this  weapon  choice;  the  overpressures  near  ground  zero 
are  very  much  greater  for  a  surface  bunt  than  for  an  oir  bunt  exploded  at  optimum  height  to  maximize  Ihe  5  psi  contour.  Because  the 
hardened  alert  city  is  quite  near  the  expected  ground  zero  point,  there  is  a  good  chance  that  it  would  be  destroyed  by  o  surface  bunt  whereos 
it  might  survive  an  air  bunt  which  maximizes  the  area  covered  by  the  5  psi  pressure  contour.  The  bonus  to  the  enemy  in  this  cose  Is  thot 
trained  crew  memben,  who  might  otherwise  survive,  are  prevented  from  continuing  hostilities  at  a  later  date  with  other  facilities. 

Often  an  attack  against  air  bases  is  theorized  upon  the  ossumption  that  the  runways  must  be  cratered  by  a  surface  bunt  to  keep  the 
United  States  from  re-using  the  field.  However,  local  fallout  from  o  surface  burst  will  be  so  great  that  the  field  will  not  be  usable  in  arty^ 
case,  even  if  the  runwoy  is  intact.  Additionally,  a  simple  mothematicol  analysis  of  the  targeting  of  on  orea  os  smell  os  a  runwoy  shows 
that  an  extremely  large  number  of  missiles  would  be  required,  in  terms  of  the  odditionol  benefits  oceruing  to  the  ottacker.  Besides,  there 
are  at  least  400  civilian  runways  that  would  olso  have  to  bo  cratered.  Thus,  cratering  of  the  ranways  is  not  an  important  factor  in  targeting 
air  bases. 

Moreover,  if  runway  cratering  does  become  an  important  factor  in  the  later  phases  of  such  a  war,  it  could  be  quite  readily  achieved 
by  a  bomber  attack  with  o  comparotively  low  yield  weapon.  Such  o  mopping  up  action  could  be  carried  through  during  the  period  when 
the  air  base  is  still  immobilized  by  fallout.  Thus,  we  are  not  considering  this  ospect  of  toclro:'  In  our  torgeting  study  because  it  is  felt 
to  be  a  minor  consideration  relative  to  other  factors. 

Generally  speaking,  the  important  target  orea  of  o  typical  United  States  bomber  base  will  not  exceed  about  12  to  13  squore  miles. 

This  corresponds  to  the  area  enclosed  by  a  circle  about  two  miles  in  rodius.  A  typical  cose  is  shown  in  figure  A-4,  This  shows  Dovls- 
Monthan  AFB,  which  is  a  B-47  bose  of  the  Strotegic  Air  Command  locoted  near  Tucson,  Arizona.  Note  thot  the  oir  base  is  enclosed  by 
0  circle  two  miles  in  radius. (i) 

Of  course,  because  of  local  differences  in  terrain  and  oir  bose  loyout,  there  will  be  minor  variations  in  shope  and  size  of  the  boses. 
These  variations  should  not  be  very  greet  and  would  not  generally  alter  seriously  the  targeting  onalysis  given  here. 

Fighter-interceptor  bases  of  the  Air  Defense  Command  would  probably  be  somewhot  smaller  than  the  bomber  bases.  But  once  again, 
the  difference  is  not  significont  in  comparison  with  the  many  other  uncertainties  Involved  In  these  calculations.  Moreover,  many  of  these 
fighter-interceptor  squadrons  ore  based  on  the  same  field  as  the  bombers  of  the  Strategic  Air  Command. 

Thus,  it  is  assumed  here  for  the  purposes  of  these  calculations  thot  the  target  area  of  Air  Force  boses  corresponds  to  that  orea  en¬ 
closed  by  a  circle  two  miles  In  rodius.  The  aiming  point  on  each  air  base  is  taken  to  be  the  center  of  the  principal  runway  or  runways, 

(h)  ^ee  for  example,  E.  D.  Callahan,  L.  Rosenblum,  J.  D,  Kaplan,  D.  R,  Batten,  "The  Proboble  Fallout  Threot  Over  the  Continental 
United  Stotes",  Report  No.  TC-B  60-12,  Dee.  I,  I960,  Contract  CDM-SR-59-33,  ASTIA  Doe.  No.  256  072L,  p.  21. 

(I)  See  Targeting  Analysis 


Figure  A-4.  Targeting,  Davis  Monthon  AFB 


I.  Targeting  SAC  Boses 

It  is  obvious  thot  no  one  knows  how  effective  the  Russian  air  defersse  is  onc^as  a  result,  how  many  misses  they  could  tolerate  in  their 
first  strike  against  the  bases  of  SAC.  Somewhat  arbitrarily  it  is  assumed  that  the  Russion  oir  defense  con  deol  effectively  with  the  aircraft 
from  five  SAC  bomber  bases  in  the  United  States.  In  other  words,  the  assumption  made  here  is  that  the  Russions  cannot  afford  to  miss  more 
than  five  SAC  bomber  bases  in  the  continental  United  States. 


It  will  also  be  assumed  that  the  Russians  require  on  overall  probability  Pxy  of  95  percent  that  their  misses  will  not  exceed  this  number. 

In  other  words,  it  is  ossumed  that  the  Russians  want  95  chances  out  of  100  thot  their  ottack  will  succeed.  They  are  willing  to  lake  a  smoll 
risk,  I  out  of  20,  thot  they  might  foil. 

If  there  ore  42  SAC  bomber  bases  to  be  ottocked,  then  the  values  which  should  be  ossigned  to  the  vorlous  mathematical  symbols  are: 

X  =  42 
y  =  37 
Pxy  =  95 

■4 

Th«n,  reference  to  Table  A-S  ,  in  o  preceding  section,  shows  thot  these  conditions  require  o  hit  probobility  Pn  of  94  percent  for  each 
saparote  oir  bose  ottock.  It  will  develop  later  that  this  probability  Pn  of  o  hit  is  eosiiy  achieved  by  a  single  missile.  Therefore,  Pn  should 
be  replaced  by  Pi  where  Pi  hos  a  value  of  94  percent. 


Now,  consider  the  meaning  of  this  probability  pi.  Because  the  problem  Is  now  centered  obout  on  orea  target  rather  then  a  point  target, 
the  mathemotics  require  a  slightly  different  interpretation  from  that  used  previously.  For  the  cose  of  on  area  target,  equation  (A. 5)  must 
b.  re-written  as:  .  0,6,3  (  _R_ 


Pi  is  interpreted  to  be  the  probobility  that  the  weapon  will  land  within  the  oreo  enclosed  by  a  circle  of  radius,R,  drown  about  the  aiming  ' 
point  as  center.  •  j** 


The  sketch  in  figure  A~5  helps  to  illustrate  this  concept.  Two  concentric  circles,  drown  obout  the  oiming  point  as  center,  are  shown. 
The  target  oreo  corresponds  to  thot  region  enclosed  by  the  outer  circle  which  hos  a  radius  of  two  miles  in  the  case  of  on  air  base.  The 
purpose  of  the  attacking  weapon  is  to  prockice  5  psi  of  blast  overpressure  within  this  target  oreo  thereby  cousing  total  torget  destruction. 
The  inner  circle  of  radius  R  shown  in  figure  A-5,  defines  the  area  within  which  there  is  probability  Pi  that  the  weapon  will  strike. 


A-IO 


Aiming  point 


Circle  which  encloses 
the  target  area; 

2  mile  radius 


Circle  within  which  there  is 
0  probobility  P  thot  the 
missile  will  strike 


Figure  A-5.  Error  Probability  Contours 

The  weopon  could  strike  anywhere  within  this  circle  of  radius  R,  though  it  Is  more  likely  to  foil  nearer  the  aiming  point  than  nearer 
the  boundory  of  the  circle.  Nevertheless,  it  is  reasonable  to  expect  the  enemy  to  plon  conservotlvely  and  to  assume  an  unfavorable  impact 
locotion.  From  hit  point  of  view,  such  dn  unfavorable  possibility  corresponds  to  an  impact  point  on  the  rim  of  the  circle  of  rodius,R.  This 
It  shown  in  figure  A-6.  Under  these  conditions,  total  destruction  eon  be  created  throughout  the  entire  target  area  only  if  the  lethol  radius 
of  the  weapon  is  equal  to  (2  +  R),  os  shown.  Hence:  L  =  2  +  R  miles 


Figure  A-4.  Impact  and  Destruction  Contours 
The  factor  R  can  be  computed  directly  from  equation  (1.18)  to  be; 

R  a  CPE  — 

0.693 

Eorller  it  was  found  that  the  probability  Pi  of  a  hit  might  reosorwbly  be  token  to  be  0.94.  Approximately  then: 

R  -  (2.02)CPE 

ond  the  required  lethal  radius  L  for  on  attack  against  each  bomber  base  of  the  Strotegic  Command  is: 

I.  -  2  +  2.02  CPE 

The  lethal  radius  computed  according  to  equation  (A. 21)  has  a  substantial  overkill  factor.  This  arises  from  the  unfavorable  impact  loca¬ 
tion  assumed  In  figure  A-6  which,  as  a  result,  requires  o  quite  large  lethal  radius  compared  \ii  the  torget  radius.  In  reality,  the  chances 
ore  better  that  the  weapon  will  land  much  nearer  the  aiming  point.  If  such  occurs,  then  total  destruction  Is  created  over  a  larger  area 
than  the  target  areo.  This  constitutes  the  overkill.  It  Is  concluded,  therefore,  thot  weopon  yields  computed  from  equation  (A. 21)  ore  quite 
reolistic,  and  provide  a  bosis  for  conservative  civil  defense  planning. 

The  required  lethal  radius,  computed  from  equation  (A. 21)  for  different  circular  proboble  errors.  Is  found  to  have  the  following  volues: 

Circular  Proboble  Error  Corresponding  Required  Lethal  Radius 


(A.  19) 


(A.  20) 


(A.2I) 


2  miles 
I  mile 
1/2  mile 


10.08 

4.02 

3.01 


Theta  required  lethal  radii  are  compared  with  the  lethal  radii  avoilable  from  nucleor  weapons  of  various  ^rields.  These  ovailable  radii 
ore  summarized  (j )  In  table  A-IO  , 

'• 

From  a  comparison  of  the  available  lethal  rodii  given  in  table  A~I0  with  the  required  lethal  radii  summarized  earlier,  it  is  cleor  that 
complete  oir  base  destruction  is  achieved  by  either  on  air  burst  or  a  surface  burst.  Something  In  the  range  of  2  to  5  megatons  would  do  the 
Job  with  the  overhlll  margin  dependent  upon  the  circular  probable  error. 

However,  for  the  reosons  set  forth  earlier,  it  is  believed  that  a  surface  burst  provides  the  best  tactics  even  though  this  reduces  the  lethal 
radius  somewhat  below  that  obtained  from  an  oir  burst  of  the  same  yield.  The  reduction  is  not  lorge  and  is  certainly  offset  by  the  bonus  of 
locol  fallout  which  occomponies  the  surface  burst. 

Thus,  all  factors  considered,  it  is  believed  thot  the  most  likely  attack  against  bomber  boses  of  SAC  will  consist  of  a  2  to  5  megaton  sur¬ 
face  burst  delivered  by  missile.  In  porticular,  a  5  megoton  surface  burst  is  postulated  for  Dovls-Monthon  AFB. 

2.  Targeting  ADC  Boses 

The  Air  Defense  Commond  (ADC)  operates  a  number  of  different  kinds  of  bases.  Nearly  all  of  these  bases  are  soft  targets  comparable  to 
the  bomber  boses  of  SAC.  Such  boses  would  be  targeted  in  precisely  the  same  manner  os  was  used  for  the  bomber  bases. 

The  targeting  of  these  soft  bases  of  ADC  follows  the  some  general  pottem  os  that  used  earlier  for  the  bomber  boses  of  the  SAC.  The  only 
important  difference  arises  in  the  assumption  which  must  be  mode  by  the  enemy;  thot  is,  how  many  of  these  soft  boses  con  they  miss  in  the 
initial  attack  without  the  survivors  interfering  seriously  with  the  follow-on  bomber  ottack? 

TABLE  A-IO 


LETHAL  RADII  ( 5  psi  contour)  OF  NUCUAR 
WEAPONS  AGAINST  AIR  BASES 


Bomb  Yield 

Lathol  radius  L  In  miles 

me  go  font 

Air  Burst 

Surface  Burst 

0.5 

3.45 

2.19 

1 

4.32 

2.76 

2 

5.41 

3.45 

5 

7.4 

4.7 

10 

9.3 

5.9 

20 

11.8 

7.5 

Attempts  to  answer  this  question  ore  obviously  fraught  with  uncertainties.  Unclassified  informotion  ovoilabte  concerning  onticipoted 
attack  plans  and  weapons  is  inadequate  to  support  any  attempt  at  on  outhoritative  onswer.  So,  once  again,  os  in  the  targeting  of  bomber 
bases,  there  is  no  recourse  except  to  use  the  little  data  available  to  moke  on  Informed  estimote.  It  is  understood  of  course,  that  readers 
with  better  information  can  probably  refine  these  calculatiorss. 

First,  it  most  be  recognized  that  destruction  of  bases  of  the  ADC  is  not  os  crucial  to  the  enemy  os  is  the  destruction  of  the  SAC  bomber 
bases.  The  reoson  is  obvious)  bases  of  ADC  do  not  have  the  resources  to  retaliate  ogoinst  the  enemy  homelond;  they  con  only  blunt  the 
effectiveness  of  the  bomber  attack.  Stated  somewhat  dlffeffenjly,  these  boses  constitute  o  force  of  attrition  ogqjnst  enemy  oir  ottack;  but 
they  do  not  pose  any  direct  threat  to  the  enemy.  Thus,  relative  to  an  attack  on  our  SAC  bomber  bases,  an  attack  on  the  soft  bases  of  ADC 
can:  operate  at  a  lower  level  of  destruction,  and  at  a  lower  probability  of  success  and  still  meet  minimum  requirements  for  a  satisfactory 
attack. 

Arbitrarily,  and  with  no  more  justification  than  that  given,  it  is  assumed  here  that  the  enemy  will  seek  to  destroy  all  but  ten  of  our  soft 
bases  within  the  continental  United  States.  It  is  further  assumed  that  there  are  42  bases  in  all  and  that  the  Russians  will  require  an  80  per¬ 
cent  probability  of  success  for  their  attack.  Thus,  it  has  been  assumed  that: 

X  =42 
y  =  32 
Pxy  =  0.80 

Then,  from  table  A'5  given  eorlier,  one  finds  that  the  enemy  must  hove  o  hit  probability  P|  of  80  percent  ogoinst  each  of  the  soft  bases 
of  ADCv 

At  first  glance  it  might  appear  that  the  assvfiiptions  have  s'ui.  •  ’  attack  very  considerably  since  there  are  43  fighter-interceptor  ' 

boses  and  6  Bomarc  bases,  and  more  ore  under  construction.  ^  •  >s  ossumed  that  the  total  number  of  soft  bases  was  only  42.  This 

opporent  discreponcy  in  the  total  arises  because  many  fighter-'  tor  groups  are  locoted  on  SAC  bomber  boses  and  would  be  accounted  ' 

for  in  that  targeting  analysis.  All  factors  considered,  the  ass:  ..  .ue  of  42  target  boses  seems  reasonobly  conservative. 

Now  with  the  hit  probability  P|  known  to  be  about  80  pert  ,  this  volue  can  be  used  in  equations  (A.  19)  and  (A, 21)  to  compute  the 

lethal  rodius,  L,  required  for  an  attack  ogoinst  the  soft  base:  ..  aDC.  The  result  is:  L=2+I.53CPE  '  (A. 22) 

Then,  assuming  a  surface  burst  for  the  some  reosons  set  forth  eorlier,  from  table  A-IO  one  finds  that  this  lethal  radios  can  be  supplied  by 
a  weopon  with  o  yield  of  between  about  I  and  5  megatons.  Depending  upon  the  assumed  value  for  the  attacker's  circular  probable  error, 

2  megatons  represents  a  reasonable  compromise  volue. 


(]  )  From  the  Lovelace  Bomb  Effects  Computer 


I  .  Targeting  CIHei 

CItiej  ore  area  targeh  limllar  to  air  boses.  Because  cities  are  area  torgets,  the  general  principles  of  targeting  developed  for  use  on  oir  • . 
boi€s  con  be  oppited. 

The  lethol  overpressure  for  use  ogolnst  cities  Is  usually  assumed  to  be_5  psi.  Such  a  pressure  would 
and  fdirly  complete  destruction  of  much  stronger  commerlcol  and  industrial  buildings.  In  odditlon,  serious  struc  ur  g 
blast  overpressures  of  3  ond  4  psI  and  these  levels  extend  many  miles  beyond  the  5  psI  contour. 

Thus,  cities  may  be  targeted  by  calculating  the  weapon  yield  required  to  generate  o  blast  overpressure  of  5  psi  over  the  metropolitan  area 
of  the  city.  This  oreo  of  blast  destruction,  however.  Is  essentially  clrculor  In  shope,  and  since  very  few  cities  hove  this  ® 

more  thorough  targeting  analysis  would  require  that  eoch  city  be  examined  separately.  In  this  case,  the  bomb  yield  would  be  selected  to 
produce  an  overpressure  of  5  psi  over  o  distance  equol  to  1/2  the  largest  dimension  of  the  metropolitan  shaped  cities.  In  such  coses  severe 
weapons  would  be  used  to  develop  a  blast  pattern  of  the  re<|uired  shape  and  size. 

Furthermore,  It  seems  most  proboble  that  olr  bursts  would  be  used  ogolnst  cities.  Compered  to  a  surfoce  burst  of  the  some  yield,  on  oir 
burst  creates  domoging  overpressures  of  5  psi,  and  lower,  over  a  somewhat  lorger  area.  Moreover,  oir  bursts  are  much  more  efficient  than 
surfoce  bursts  in  starting  fires.  Though  the  air  burst  locks  the  fallout  created  by  the  surface  burst,  the  other  two  advantages  mare  thon  off¬ 
set  this  deficiency.  In  ony  case,  ample  follout  will  be  produced  by  the  hundreds  of  surface  bursts  used  ogainst  other  kinds  of  tarots,  ^is 
fallout  will  be  sufficient  to  Immobilize  the  population  In  shelters  and  to  kill  the  unsheltered.  Thus,  on  air  burst  will  create  all  of  the  domoge 
the  enemy  could  wish  for. 

The  proper  weapon  for  use  against  a  given  city  Is  then  selected,  os  a  first  opproxlmotlon,  from  the  data  In  table  A- II  .  This  is  done  by 
matching,  nearly  as  possible,  the  lethal  area  of  the  weapon  to  an  arbitrary  shape  factor  times  the  metropolitan  area  of  the  city.  Or,  or 
large  or  Irregular  cities,  multiple  weapons  may  bo  used  to  creote  the  necessary  pottom  of  blast.  This  moy  require  drowning  circles  of  blast, 
of  the  proper  lethal  radii,  over  o  mop  of  the  city.  This  Is  whore  locol  talent  con  ploy  o  really  significant  role  in  refining  these  estimates, 

I,  Summary 

This  treatment  hot  briefly  covered  the  mathematical  development  of  the  targeting  anolytls  which  wot  used  to  arrive  of  o  rongo  of  weopon 
sizes  that  could  be  expected  to  be  employed  against  retaliatory  military  complexes  such  at  Oovls-Monthon  AFB  and  the  Titan  II  sIIm  In  and 
near  Tucson.  In  addition,  the  data  hat  been  presented  In  a  general  form  that  will  allow  the  use  of  these  results  on  other  target  systems. 

TABLE  A-ll 

THE  UTHAL  RADII  AND  AREAS  OF  NUCLEAR 
WEAPONS  AGAINST  CITIES  -  5  PSI  CONTOUR  -  AIR  BURST  (k) 


Bomb  Yield 
Megatons 


Lethal  radius  (miles) 
5  psi  -  conteur 


Lelhol  area,  sq.  miles 
area  Inside  5  psi  contour 


On  the  basis  of  the  preceding  detailed  analysis,  a  10  megaton  surfoce  burst  for  each  of  the  Titan  II  sites  ond  a  5  megoton  surfoce 
burst  for  Davis-Monthon  AFB  is  postulated  end  used  es  e  basis  for  prediction  of  the  nucleor  weapon  effects  to  which  Tucson  rrwy  be  tub- 
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STRUCTURAL  LOADINGS 


A.  Introduellon 


Odlgn  of  eountarferet  nuelaor  affecft  thalfar  lyifatm  raqutrai  uia  of  lha  bait  ovotlobla  data  on  loodlngi,  Iba  mandatary  anglnoorlng 
dailgn  critarlo.  In  tha  flald  of  modam  ihaltar  daiign,  tba  lo^lngi  crttarlo  ora  In  tha  procau  of  davalopment.  Tha  ovollobla  data  ora 
oftan  of  lha  moit  ganarol  notura.  Tha  motarlol  in  this  port  of  tha  Appandtx  wot  davalopad  os  on  outgrowth  of  targating  itudlos,  and  In  ordar 
to  provida  mora  portlculor  Inputs  to  tha  dosign  concapts. 

Tha  ralioblllty  and  cost  of  o  sholtar  systom  Is  diraetly  ralotad  to  tha  accuracy  with  which  loadings  ora  datarmlnad.  A  concept  of  pro¬ 
bability  of  ralioblllty  Is  helpful  In  this  context,  , 

B.  Proboblllty  of  Ralioblllty  (o )  / 

This  port  of  the  Appendix  presents  the  results  of  calculations  of  probability  of  ralioblllty  thot  o  hordanod  structure  that  Is  loeotod 
In  tha  proximity  of  o  nuclear  burst  will  exparlenca  certain  magnitudes  of  effects.  These  curves  con  be  vary  useful  In  estimating  tha 
degree  of  hardness  required  by  o  shelter  system  for  o  given  overall  probability  of  survival . 

The  hardness  of  the  shelter  to  be  constructed  at  each  location  depends  upon  the  probability  of  the  shelter  sustaining  o  given  weapon 
effect  from  the  ouumad  attack  orxl  tha  total  amount  of  funds  avollabla  for  the  shelter  program.  The  relation  between  weapon  effects  ond 
the  probability  of  shelter  ralioblllty  can  most  readily  be  approached  by  recalling  that  a  Gaussian  (notmol)  distribution  of  hits  about  an 
aiming  point  was  used  In  the  target  orralysis.  The  distribution  Is  shown  graphically  In  figure  B-l.  The  calls  In  the  Interior  of  the  figure  ore 
cells  of  equal  probability;  that  Is,  the  probability  (0,001)  of  a  hit  In  cell  A  Is  the  some  os  the  probability  In  call  B.  The  outermost  cells 
hove  lesser  probability  values  os  Indicated.  The  scale  ef  the  diagram  Is  In  CEP’s  and  hence,  may  be  used  for  ony  delivery  system  for  which 
the  CEP*  Is  known. 

The  relation  between  weapon  effects  and  the  probability  of  the  shelter  sustaining  a  given  weapon  effect  con  best  be  Illustrated  by  the 
following  example;  | 

Assumed  weapon;  5-megaton  surface  burst  on  Oavls-Monthon  AFB. 

CEP;  I  mile. 

Olstance  of  shelter  from  assumed  aiming  point;  3-1/4  miles. 

Desired;  The  probability  of  sustaining  different  levels  of  overpressure. 

In  the  CEP  units  of  figure  B-l,  the  distance  between  the  aiming  point  and  the  shelter  Is  plotted.  The  circles  of  rodll  of  overpressures 
assoeloted  with  o  S-nsegaton  burst  on  Davis-Monthan  AFB  are  drawn  os  an  overlay  on  the  cells  of  equal  probobllity  with  the  shelter  os  cen¬ 
ter.  The  calls  of  probability  within  a  given  circle  represent  the  probability  of  o  hit  which  will  apply  thot  prauure  to  the  shelter.  Thus, 
the  probability  ef  sustaining  an  overpressure  of  100  psi  or  more  Is; 


3 

cells 

0.001 

0.003000 

4-1/2 

calls 

0.00025 

0.001125 

2 

cells 

0.00010 

0.000200 

TOTAL 

0.004325 

i.e.,  a  shelter  designed  for  100  psI  has  a  99,5%  of  survival.  Similarly,  the  probabilities  associated  with  other  overpressure  volues  moy  be 
found  in  Table  B-l.  I 


TABLE  B-l 

Overpressure 

Probability  of 

Sustaining 

Overpressure 

Probobllity  of 
Not  Sustaining 
Overpressure 

50  psi 

0.01248 

0.9875 

40  psi 

0.00985 

0.9902 

iOO  p^i 

0.004325 

0.9957 

150  pci 

0.00245 

0.9975 

200  pst 

0.00113 

0.9988 

These  data  are  plotted  in  figure  B-2.  It  is  apparent  from  the  curve  that  for  small  increoses  in  survivol  probability  the  shelter  hardness  )n- 
creoses  rapidly  and  100%  is  statistically  unobtalnoble. 

For  a  50%  Inereose  In  shelter  hardness,  there  Is  opproxlmotely  o  20  to  25%  Increase  in  shelter  construction  cost  based  on  comparing 
existing  shelter  designs.  Hardness  must  consider  not  only  the  blast  effects  but  olso  the  thermal,  ond  initial  nuclear  radiation,  weapon 
affects. 


(  0  )  The  data  in  this  section  are  bosed  on  work  presented  in  the  document  NAVDOCKS  P-81,  "Personal  Shelters  ond  Protective  Construc¬ 
tion,"  Sept.  1961,  Deportment  of  the  Navy,  Bureou  of  Yords  ond  Docks,  Woshington,  D.  C. 

•The  term  CPE  (Circular  Probable  Error)  is  used  elsewhere  In  this  report  to  denote  the  some  concept. 


B-l 


Cr«phlc«l  Sol u tton  For  Patermlnlna;  The  Probability  Th«t 


A  Shelter  Would  Sustain  Given  OverprgBBures 
Figure  B-l.  CelU  of  Equal  Probability 

Table  B-2  ihowi  the  relation  between  shelter  design  hardness  for  a  99,0%  survivol  probobllity  ond  the  radlol  distance  from  the  target  ■ 
aiming  point,  while  Table  B-3  shows  the  shelter  hardness  required  for  a  99.9%  survival  probability.  Within  the  75  psi  overpressure  contour 
the  difference  In  required  hardness  Is  extremely  pronounced, 

TABLE  B-2 

MINIMUM  DISTANCE  BETWEEN  AIMING  POINT  AND  SHELTER  FOR 
^  A  99,0%  PROBABILITY  OF  NOT  SUSTAININGAGIVENOVERPRESSURE 

Overpressure  Radii  Distance  From  Aiming  Point 


(psi) 

(miles) 

300 

2.5 

200 

2.6 

ISO 

2.70 

100 

2.85 

75 

3.00 

50 

3.3 

25 

3.9 

10 

5.1 

5 

6.7 
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TABLE  8-3 


MINIMUM  DISTANCE  BETWEEN  AIMING  POINT  AND  SHELTER  FOR 
A  99.9%  PROBABILITY  OF  NOT  SUSTAINING  A  GIVEN  OVERPRESSURE 

Overpr«uur«  ftedlt  Dlilanee  From  Aiming  Polnl 


(psi) 

(miles) 

500  , 

3.0 

300 

3.2 

200 

3.3 

150 

3.4 

100 

3.6 

75 

3.7 

50 

4.0 

25 

4.6 
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Figure  B-2,  Probability  of  Not  Swfa’ming  Given  Overpressures 

To  continue  this  analysis  and  present  o  series  of  curves  applicable  for  a  vofiety  of  weopon  yields  and  CEh,  calculotioos  were  made 
for  2  MT,  5  MT,  10  MT,  end  20  MT,  both  oir  and  surfoce  bursts,  for  1/2  mile,  I  mile  and  2  mile  CEP.  These  data  form  the  basis  for  es¬ 
timating  the  relative  hordness  of  a  shelter  system  for  o  variety  of  attack  patterns  ond  weopon  yields.  These  curves  con  be  scoled  to  other 
weapon  yields  ond  to  other  CEPs. 


The  curve  labeled  "absolute"  on  each  graph  corresponds  to  the  overpressure  versus  distonce  for  a  direct  hit.  It  may  be  noted  thot  the 
breaking  point  appears  to  bo  at  obout  96%  for  all  curves  and  that  to  design  for  ony  point  above  this  level  would  result  In  a  rapid  increase 
in  cost  of  the  shelter  system. 

Using  these  graphs  (figures  B-3  through  B-8),  it  is  possible  to  select  the  probable  maximum  overpressure  that  would  be  observed  ot  o 
given  point  with  varying  degrees  of  reliability.  Consider  figure  B-S,  o  point  5  miles  from  a  5  MT  air  burst  subject  to  o  CPE  of  orse  mile, 
there  is  on  80%  chance  that  the  maximum  overpressure  will  be  less  than  11.2  psi.  At  this  same  point,  there  is  a  90%  chonce  that  it  will  be 
less  than  12.6  psi,  etc.  Note  that  an  overpressure  of  28  psi  is  necessary  before  the  probability  increoses  ta  99.9%.  It  does  not  appear  to 
be  feasible  to  select  probobilities  of  reliability  of  design  overpressures  in  o  risk-oriented  approach  that  ore  much  greoter  than  90%.  Note 
also,  thot  the  0%  chonce  curve  lies  reosonobly  close  to  the  80%  curve. 

As  further  justiflcotion  for  the  90%  conclusion,  consider  figure  B-2.  This  is  a  curve  which  shows  the  typical  way  in  which  mognitude 
of  the  design  overpressure,  for  o  specific  point,  varies  with  the  probability  thot  this  volue  will  not  be  exceeded.  The  90%  level  seems  to 
be  the  point  at  which  greoter  reliability  becomes  very  costly  os  for  os  magnitude  of  overpressure  Is  concerned. 

These  graphs  of  overpressure  versus  distance  have  been  used  to  constraet  mops  of  Tucson  and  Its  environs.  These  show  the  probable  sofe 
design  overpressures  for  oil  points  in  the  Tucson  orea  if  Tucson  Is  subjected  to  on  ottack  corresponding  to  o  S  MT  oir  burst  at  Dovis  Monthon 
ond  o  20  MT  surfoce  burst  at  each  of  the  18  Titan  II  bases.  An  orbitrary  CPE  of  1.0  mile  wos  used  for  eoch  torget.  A  seporate  presentotlon 
hos  been  plotted  for  eoch  of  the  following  probabilities  of  reliobility:  80%,  95%,  99%,  99.9%.  (See  figures  B-9  through  B-12).  It  is  felt 
that  any  conservative  risk-oriented  study  that  is  mode  of  the  Tucson  problem  will  hove  o  need  for  these  chorts. 


This  approach  ttxsy  be  used  for  any  city  or  ossumed  torget  oreo,  but  is  dependent  on  the  development  of  o  reasonable  targeting  onalysis 
for  the  specific  areo.  For  example,  for  Tucson  soil  conditions,  in  order  to  provide  protective  shelters  for  96%  of  the  oreo  within  on  over¬ 
pressure  circle  of  2  psi  (outside  of  which  blost  shelters  would  not  be  necessary),  one  would  design  to  40  psi  ond  on  induced  verticol  soil 
displacement  of  about  10  inches. 
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Figure  B-3.  Probability  of  Reliobility,  Chort  I 
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Figure  B-4.  Probobllify  of  Rcliobility .  Cbort  2 
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C.  FfM-Field  Ground  Displocemonfs,  end  Soil  Structure  Interaction 

I.  Introduction 

In  general,  the  discujiion  of  free-field  ground  diiplocementi  (that  is  the  displacements  which  ignore  the  effects  of  structures)  due 
to  0  nuclear  detonation,  is  limited  to  those  displocements  induced  by  oir-blost  looding.  Therefore,  displocements  very  close  to  ground  zero 
ore  precluded  in  these  onolyses  in  os  much  os  "neor  the  crater"  the  ground  disolocement  results  largely  from  the  direct  conversion  of  thermo- 
nucleor  energy  into  mechanical  energy,  (b) 

From  the  work  that  hos  been  done,  it  seems  that  the  problem  of  determining  oir-induced  free-field  ground  displacements  is  in  fact, 
o  duel  problem,  both  facets  of  which  rely  heavily  upon  ossumptlons  to  ovoid  impossible  analytical  complexities.  Before  a  solution  of  the 
eetuol  displacement  problem  con  be  attempted,  the  problem  of  the  influence  of  soil  properties  upon  the  response  of  the  soil  to  dynamic 
loading  must  be  solved.  Here  it  is  generally  felt  that  "the  most  significont  soil  property  that  Influences  strained  modulus  of  deformotion,  and 
the  selection  of  the  proper  value  of  this  modulus  is  essential  to  a  reliable  prediction  of  the  ground  displacement, "(a)  Unfortunately,  o  con¬ 
stant-valued  constrained  modulus  cannot  be  assigned  to  each  soil  type,  since  the  value  of  the  constrained  modulus  is  itself  effected  by  o 
large  number  of  factors  both  intrinsic  ond  extrinsic  to  the  soil  type.  Intrinsic  conditions  such  os  water  content,  Atterfaerg  Limits,  degree  of 
saturation,  Poisson's  Ratio,  etc.,  as  well  os  extrinsic  conditions  such  os  overburden  pressures,  loteral  constraints,  rote  of  loading,  etc., 
make  an  accurate  determination  of  the  constrained  modulus  a  very  delicote  problem.  Laboratory  procedures  hove  been  set  up  which  ottempt 
e  solution  to  this  problem,  however  these  procedures  are  based  upon  ossumptlons  which  shorply  define  the  limitations  of  the  results  obtained. 
A  complete  description  of  the  typical  laboratory  procedure  for  the  determlrsotlon  of  o  "selected  modulus"  Is  avollable  In  the  AFDM  pp.  4-12 
to  4-26.  (d) 

After  a  satisfactory  solution  hos  been  obtained  to  the  first  facet  of  the  olr-lndueed  free-field  ground  displacement  problem,  that 
of  the  soil  properties,  the  formulation  of  the  assumptions  necessary  to  approach  the  problem  of  actually  computing  displacements  may  be 
undertaken.  Every  researcher  admits  that  his  procedure,  os  It  now  stands,  possesses  inherent  weaknesses.  This  is  due  to  the  fact  that  our 
knowledge  of  the  subject  Is  at  present  to  Inadequate  that  we  are  compelled  to  make  assumptions  which  we  know  misrepresent  actual  condi¬ 
tions.  For  example; 

1.  Stress  ottenuotion  with  depth  is  based  solely  on  theoretical  considerations  of  spatial  dispersion, 

2.  Linearization  of  the  subsurface  stress  profile  results  from  the  assumption  that  the  Initial  pulse  stress  front  travels  with  a  velecity 
equal  to  the  seismic  velocity,  and  that  the  peak  stress  front  travels  with  a  velocity  which  Is  a  function  of  the  constrained  modulus. 

3.  Horizontal  displacements  are  either  entirely  Ignored  or  computed  on  the  assumption  Ihot  the  entire  pressure  wave  travels  through 
o  given  stratum  at  constant  velocity  and  inclinotion.  In  this  cose  even  the  sense  of  direction  of  the  horizontal  displacement  must  be  assumed 
since  so  little  is  known  about  It. 

4.  Neglect  of  the  effect  of  vorlatlon  in  shape  of  the  subsurface  stress  wave. 

5.  Neglectof  the  effect  of  high  frequency  comporsents,  reflection  and  Rayleigh  waves. 

These  are  a  compilation  of  what  one  author  (f )  considers  the  weokening  ossumptlons  of  his  treatment  of  the  problem.  Other  authors 
odd  or  subtract  from  this  list.  However,  nowhere  does  there  exist  enough  information  for  predicting  free-field  ground  displacements  due 
to  air-blast  loading,  or  to  allow  the  effect  of  these  ouumptlons  to  be  evoluoted.  It  is,  therefore,  one  objective  of  this  study  to  set  up  o 
computer  program  using  an  IBM  7072-1401  computer  system  to  analyze  the  effects  of  the  various  pertinent  parameters  on  ground  displace¬ 
ments.  In  general,  the  approach  used  by  Wilson  and  Sibley  and  the  resulting  AFDM  procedure  will  be  employed.  It  is  hoped  that  when 
the  effects  of  our  assumptions  upon  ground  displacement  predictiora  are  amlyzed,  we  will  be  able  to  incorporate  parameters  in  the  program 
which  will  eliminate  the  necessity  of  making  the  initial  assumptions.  In  the  meontime,  we  will  continue  the  present  approach  to  the  p^lem; 
program  It  for  the  computer,  and  use  it  to  predict  ground  displacements  thot  can  be  expected  In  the  Tucson  area. 

2.  Ground  Motion  and  Soil  Structure  Interaction 

0.  Introduction 

Before  the  formal  presentation  of  the  onalysis  and  program,  it  is  deemed  appropriate  to  include  some  background  Information 
on  the  geological  structure  of  the  Tucson  soil  environment.  This  Information  is  obviously  not  oil  Included  In  the  theoretical  analyses  which 
are  later  developed,  but  pertinent  quantitive  values  are  referenced  arxl  used  where  necessary. 

b.  Tucson  Soil  Environment  (g  ) 

The  desert  region  of  the  Southwest  is  characterized  by  isolated  mountain  ranges  risir.9  abruptly  from  low  volleys'or  plains _ 

the  ranges  generally  occupy  less  area  than  do  the  intervening  valleys.  In  southern  Arizona  the  valley  floors  step  up  from  near  sea  level  to 
2000  feet  or  more  in  elevation,  and  the  ranges  may  rise  to  over  7000  feet. 

Desert  and  steppe-type  climates  predominate— climate  is  controlled  more  by  elevation  than  it  is  by  latitude.  Both  climate 
types  are  characterized  by  a  lack  of  precipitation,  the  former  more  $0  than  the  latter.  Practically  all  the  rain  that  falls  in  the  region 
evoporotes;  runoff  or  recharge  generally  occurs  only  during  the  wettest  period.  Woter  table  levels  ore  generally  being  depressed.  Vegeta¬ 
tion  Is  restricted  and  consists  mainly  of  creosote  bush,  cacti  and  sage  brush  on  the  deserts,  ond  mesquite,  pinon  juniper  and  various  types 
of  gross  on  the  steppes . 

Precipitotion  varies  from  oboul  3  inches  on  the  worm  deserts  to  about  12  inches  on  the  steppes.  Most  of  this  falls  in  the  summer 
or  winter,  with  only  rare  lote  or  early  storms  in  other  seasons.  Summer  thunderstorms,  often  accompanied  by  hail,  often  occur  os  cloudbursts 
sending  torrents  of  woter  streaming  down  the  mountoins  onto  the  surrounding  valley  floors  filling  woshes  ond  gullies  and  doing  considerable 
damage.  Rates  of  fall  moy  exceed  four  inches  per  hour. 

ll>)  "Ground  Olsplacements  From  Air-Blast  Loading,"  by  Stanley  D.  Wilson  ond  Eorl  A.  Sibley,  Joumol  of  Soil  Mechonlcs  ond  Foundotion 
Division,  Proc  ASCE,  Vol,  88,  No.  SM6,  Dec,  1962,  p.3. 

(c) '  ItTd’p.  5.  (Also  refer  to  the  Air  Force  Design  Monual,  Technicol  Documentory  Report  Number  AFSWC-TDR-62-138,  Dec.  1962,  p.4-12). 

(d)  Ibid  pp.  18-21. 

(e)  Ibid  p.  29  (Also  refer  to  AFDM  p.  4-28.) 

(f)  Ibid 

(g)  W.  C.  Lacy,  Professor  of  Geology,  College  of  Mines,  University  of  Arizona,  Tucson,  Arizono  (Bibliography  on  poge  B-14) 


The  intermontone  bosini  extend  to  unknown  depths  and  ore  filled  with  o  combinotion  of  joke  depwits,  olluviol  fan  <»nd 

wn  generolly  be  considered  to  hove  oceumuloted  rapidly  In  o  woter  deficient  cllmote,  ond  to  be  normolly  looded-thls  commonly  results 
the  formation  of  low  density  soils. 

Separating  the  deep  Intermontene  basins  from  the  ranges  ore  gently  sloping  fan-capped  pediment  surfaces,  the  width  of  which 
may  rtflect  the  oge  of  the  range,  the  resistance  of  the  rocks  to  erosion,  ond  rolnfotl  conditions  In  the  range. 

(I)  Geomorphology  ond  Chorocter  of  Basin  Fill 

Tucson,  Arizona  lies  within  a  basin  bounded  by  the  Cotclino  Mountain,  cm  the  north,  the 
ond  the  Tucson  Mountains  on  the  west.  (Figure  B-13)  It  is  situated  on  the  toe  of  a  large 

ocross  the  toe,  extending  from  Mountain  View  to  the  confluence  of  the  Santa  Cruz  River  and  Rillito  Creek.  It  rises  from  22OT  feet  of 
confluence  to  3200  feet  ot  Mountoin  View,  ond  has  been  formed  lorgely  by  the  outwosh  of  Pontano  Wosh  cappii^  ond  rew  i  g 
derived  from  the  Cotolino-RIncon  Ranges.  (Figures  B-13  through  B-16  follow  the  Bibliogrophy  on  the  next  poge.) 

Drillers'  records  from  water  wells  in  the  Tucson  Basin  hove  been  voriously  Interpreted  by  Kidwoi  (1957),  Maddox  (I960), 
and  Streifz  (1962)  and  correlated  with  sieve  onolyses;  see  figure  B-14. 

Maddox  recognized  a  low  pemeobility  zone  in  the  bosin  which  hod  been  channeled  ond  capped  with 
gravels  in  the  Rillito  Creek  oreo.  Streitz  found  this  change  in  permeobility  of  basin  r.ll  material,  to 

formity  with  low  topogrophlc  relief  lying  beneath  the  olluvial  fan  materiols.  Cloy  and  »•!>  ^  deep  well  «5ufa  ^Tuc«m  en 

countered  o  "sticky  day"  at  a  depth  of  200  feet,  and  continued  in  the  formation  far  some  1200  feet.  No  soil  tesh  were  run  on  this  material, 
but  a  sample  of  the  core  delivered  to  the  writer  underwent  shrinkage  of  30%  upon  oir  drying. 

Smith  (1934)  recognized  a  variation  In  soil  types  In  the  Tucson  oreo  resulting  from  o  series  of  terraces  devefaped  by 
erosion  ond  Incomplete  filling.  He  designated  these,  from  oldest  to  youngest;  see  figure  B-ISr  **  ' 

the  Jaynes  Bench,  and  the  Bottomlands.  Each  of  these  terraces  Is  characterized  by  variations  In  soil  types  and  geo^phlc  character  st  , 
and  the  writer  believes  that  these  are  related  to  local  changes  In  the  drainage  system  and  sources  of  olluviol  moterlol. 

The  University  Terroce  Is  characterized  by  low  rolling  hills  with  opproximat.ly  100  feet  relief  witjs  a  nortjswest  trerjd. 

The  soil  consists  of  poorly  sorted  gravel,  weakly  cemented,  usually  with  a  hard  caliche  layer  at  or  very  near 

velocity  of  1000  to  1500  feet  per  second.  Rock  fragments  within  the  gravel  ore  largely  composed  of  granite  8™’“  of  dTter- 

quortzite  and  limestone  frogments  that  appear  to  have  been  derived  from  the  Cotal.na-RIncon  Rang«.  There  is  no 

mining  the  depth  of  erosion  that  has  taken  place  in  these  gravels  but  consolldotton  curves  suggest  little  precompression,  and  it  appears  that 
little  more  than  the  soil  layer  has  been  stripped  exposing  the  caliche  zone  ot  the  surface. 


The  Jaynes  Bench,  some  30  feet  below  the  Cemetery  Bench,  follows  the  present  drolnoge  as  o  flat  bench  with  nonrow 
gullies.  It  consists  of  silty  material  with  soft  limy  subsoil  grading  into  coliche  in  the  areo  sooth  of  Tucson. 

The  Bottomlonds  ore  confined  to  the  floodplains  and  consist  of  sand,  gravel,and  silt  generally  without  the  limy  subsoil. 


(2)  Coliche  Distribution 

The  presence  of  caliche  loyen  at  or  near  the  surface  of  the  ground  ond  the  noture  of  this  loyer  is  of  concern  to  tl» 
contractor,  the  city  plonner,  and  the  individual  home  owner  since  it  influences  foundotion  conditions,  the  ease  of  excovatlon,  and  land¬ 
scaping,  and,  incidentally,  shelter  building. 

Detoils  of  caliche  distribution  through  the  Tucson  area  hove  not  been  worked  out,  but  preliminary  observations  by  Streitz 
(1962)  (figure  B-I5)  from  well  logs  indicates  o  consistent  pattern  with  on  obsence  of  coliche  in  the  floodploln  areas  and  a  general  thickening 
around  the  toe  of  the  Tucson  fan  to  the  south  and  •  jthwest.  In  oreos  underlain  by  the  University  Terrace  the  caliche  is  ji^d  and  dmse  and 
frequently  occurs  at  the  ground  surface.  Lime  onolyses  of  Individuol  loyer.  exceeds  90%  C0C03  (Breozeale  ond  Smith,  1930).  In  the  Cem¬ 
etery  ond  Jaynes  Benches  the  caliche  occurs  at  depths  beneath  o  soil  cover  and  is  o  spongey,  limy  subsoil.  It  appears  thot  on  the  University 
Terroce  the  soil  hos  been  stripped  by  erosion  exposing  the  caliche  layer  to  weathering  ond  reworking. 

There  is  no  evidence  to  indicate  that  the  formation  of  caliche  in  the  Tucson  oreo  hos  resulted  In  either  o  "jocking  up" 
of  the  surface,  or  thot  solution  hos  resulted  In  subsidence. 

Damon,  Long  ond  Sigalov  (IW.r\  hove  found  o  general  tendency  for  0  decrease  in  the  percentage  of  modem  carbon  in 
coliche  with  depth,  indicating  on  upward  gro>'!-  •>*  the  layers  during  its  formotlon.  They  concur  with  Breozeole  and  Smith  (1930)  in  the 
opinion  thot  the  caliche  hos  formed  ot  the  l.r  ‘i .f  the  capillary  zone  ond  represents  lime  corried  down  by  percoloting  waters.  The  flood- 
plain  areas  were  subject  to  too  much  downward  'lushing  to  accumulote  a  coliche  loyer. 

(3)  Decline  of  Water  Toble 

The  subsurface  water  level  in  the  Tucson  area  hos  been  systematically  recorded  since  1916  by  the  University  of  Arizona 
Agricultural  Station  (Schwolen  and  Show,  1957).  The  water  table  ranges  from  obout  30  feet  to  300  feet  below  the  land  surface,  but  slopes 
generally  to  the  northwest  ot  opproximately  20  feet  per  mile  with  the  direction  of  flow  parallel  to  the  axis  of  the  Tucson  olluviol  fan. 

There  has  been  a  groduol  decline  in  the  water  table  since  1916,  ot  on  occeleroted  rate  since  1946  corresponding  with  on  increased  rate  of 
water  consumption.  This  hos  resulted  in  0  conical  depression  of  the  water  surface  in  the  area  of  the  city,  (figure  B-16)  reoching  o  moximum 
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of  approximately,  60  feet  itnco  1916,  ond  50  feet  since  1947.  The  oquifer  materials  belong  to  the  loter  more  permeoble  gravels  comprising 
the  bulk  of  the  olluvlol  fan,  but  the  water  table  is  rapidly  approoching  the  low  permeobllity  lake  beds  below  the  erosion  surface.  See 
figure  B-14. 

(4)  Bosin  Subsidence 

U.  S.  Coast  and  Geodetic  leveling  data  shows  that  many  bosin  areas  in  the  Southwest  are  undergoing  subsidence,  though 
insufficient  stations  have  been  established  and  maintained  to  determine  the  shape  of  these  subsiding  areos.  In  the  Tucson  basin  subsidence 
between  the  years  1907  and  1952  totaled  4-1/2  inches;  to  the  north  of  the  vicinity  of  Picocho  subsidence  between  1905  and  I960  totaled  3.6 
feet  and  prominent  earth  fissures  have  developed.  These  were  described  by  Petenon  (1962)  who  was  able  to  correlate  basin  subsidence  with 
depression  of  the  woter  table  in  the  Picocho  oreo,  and  the  location  of  the  eorth  fissures  with  the  step  from  shallow  pediment  cover  to  deep 
basin  fill.  Similar  earth  cracks  were  reported  from  near  Casa  Grande  by  Pashley  (1961). 

In  the  Tucson  area  rather  limited  leveling  data  indicates  thot  subsidence  Is  general  throughout  the  valley  and  is  not 
limited  to  the  oreo  of  ground  water  table  depression,  but  It  reoches  its  maximum  In  the  area  underlain  by  the  cone  of  woter  table  depression. 

Causes  of  the  subsidence  generally  appear  to  be  consolidotion  of  basin  sediments,  accelerated  by  ground  water  withdrowal. 
The  evidence  for  movement  is  supplemented  by  observations  of  differential  movement  around  the  morgin  of  the  deep  basin  fill.  Where 
differential  movement  is  appreciable  earth  crocks  ond  transverse  gullies  develop,  and  where  the  movement  is  minor  it  is  reflected  In  the 
cracking  of  walls  and  foundations  of  houses  and  commercial  buildings. 
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Figure  B-13.  Tucson  areo  drainoge  pattern 
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Figure  B-14.  Somple  —  Tucson  soil  consistency 


e.  Ground  Wav« 

In  d  comldoroHon  of  the  offoctj  of  ihoek  wovoi  on  a  burled  itructuro,  on  undentonding  of  the  model  of  wove  propagation 
through  toll  li  eisentlol.  Boileolly,  there  ore  two  typei  of  wove  motion  that  must  be  considered. 

(1)  Body  waves.  These  ore  waves  that  occur  below  the  surface  and  con  be  further  classified  os: 

(o)  Ollltotlondl  Wove.  The  propagation  of  this  type  body  wove  Is  through  the  compression  and  rarlficotlon  of  the  soil 

particles  along  the  oxis  of  the  shock  poth.  Characteristic  of  this  type  wave  Is  the  movement  of  the  soil  particles  In  the  direction  of  wove 

propagation.  The  dllltotlonal  body  wove  is  described  in  figure  B-i/. 

(b)  Sheor  Wave.  The  propagation  of  this  type  body  wove  results  in  motion  of  the  soil  particles  normal  to  the  oxis  of  the 
shock  path.  This  wave  form  ond  particle  motion  Is  shown  In  figure  B-17. 

(2)  Surface  waves.  These  are  waves  that  occur,  as  the  name  implies,  on  the  surface.  Surface  waves  are  classified  os: 

(o)  Love  Wove  (could  be  called  a  surface  shear  wove).  The  propogotion  of  this  type  surfoce  wove  results  in  the  lateral 
displacement  of  soil  particles  normal  to  the  axis  of  the  shock  path  in  the  plone  of  the  surfoce.  This  wave  configuration  Is  shown  In  figure 
B-17. 

(b)  Rayleigh  Wave.  The  propagation  of  this  type  surface  wove  results  in  a  lateral  displacement  of  the  soil  particles  norma 

to  the  surface  plane,  simitar  to  that  of  ocean  waves.  The  displacement  of  the  soil  particles  normal  to  the  axis  of  the  shock  path  Is  an 

elliptical  motion.  Figure  B-17  also  shows  the  Rayleigh  Wove  configuration. 

d.  Relationship  of  Ground  Waves  to  Ground  Motion 

A  contribution  to  both  air  induced  and  directly-trarssmltted  ground  motion  due  to  nuclear  explosion  Is  made  by  the  various  body 
waves  shown  In  figure  B-17.  In  general,  the  velocity  of  wave  propagation  In  on  elastic  medium  is  given  by; 

c  .  /elastic  constat 
Ymass  density 

e.  The  Dllltotlonal  Wove 

To  express  the  velocity  of  propagation  of  a  dllltotlonal  wove  In  terms  of  these  parameters,  let  us  consider  a  cube  of  "elastic 
soli"  sub|eet  to  the  stress  ond  strains  shown  In  figure  B-18, 

The  relationships  shown  In  figuro'B-18  con  be  written  by  superpoeltion  of  three  Indlvlduol  unlaxiol  looding  conditions. 


The  solution  of  these  equations  for  the  stresses  yield  the  relationships  shown  ot  the  bottom  'df  Figure  B-  18. 

The  motion  ehoracterlsties  of  a  dilitotlonal  wave  propogoting  in  the  i  direction  is  defined  by  the  following  conditions; 


which  yield: 


E(l-  u  ) 
(1-2  u  )(l+  u  ) 


or  the  stress-stroin  rotio  and  hence  the  elastic  constant  is; 


E  (I-  u  ) 

(1-2  u  )(lr-u  ) 


velocity  of  the  dilitationol  wave  = 
f.  The  Shear  Wave 


/  E  (I-  u  ) 

f(l-2  u  )(l+u  )e 


The  moHon  characteristic  of  a  sheer  wave  propogoting  in  the  z  direction  is  defined  by  the  following  elastic  condition: 

Shear  Stress  ^  q  ^  g 
Sheor  Strain  2  ( |+  ^ — j 


from  which  it  follows  thot  velocity  of  sheor  wove  - 


2(U  .  )p 
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Figure  B-17,  Types  ofWoves 

g.  Modulus  of  Elosticify 

It  is  apparent  from  the  previous  relationships,  used  to  define  the  velocity  of  pressure  waves  in  a  soil  mass,  that  the  elastic 
constants  of  soil  ore  of  utmost  importonce.  Since  soil  is  not  an  elostlc  medium,  but  Instead  is  a  "locking”  medium,  and  because  it  will  be 
necessary  to  idealize  this  property  of  soil;  an  additional  discussion  of  the  elostic  properties  of  soil  will  be  presented. 

The  onolysls  of  stress  ond  strain  in  an  isotropic,  elostic,  homogeneous  medium  shows  these  two  parameters  to  be  related  through 
the  modulus  of  elasticity.  For  steel,  the  clossic  example,  this  rclotionship  is  shown  by  the  familiar  stress-strain  curve  where  the  slope  of 
the  line  in  the  elastic  portion  of  the  curve  is  the  Modulus  of  Elasticity  and  th:5  shoded  areo  is  o  measure  of  the  rebound  or  obsorbed  energy 
(figure  B-19). 

For  soil  there  is  no  such  "elostic  portion”  to  the  stress-strain  curve  even  though  in  the  usual  analysis  of  earth  shod.,  soil  is 
considered  an  isotropic  elostic,  homogeneous  moteriol.  The  stress-stroin  curve  for  a  typical  soil  takes  the  configuration  shown  in  figure 
B-20. 

In  this  figure  we  notice  that  there  is  no  constant  modulus  on  whot  we  might  consider  the  "elastic  portion"  of  the  curve.  We 
also  note  thot  for  the  some  amount  of  strain,  the  rebound  or  obsorbed  energy  for  soil,  is  far  less  thon  that  for  steel  as  is  the  totol  energy  or 
toughness.  And,  since  soil  is  so  nonhomogeneous,  it  is  proboble  that  there  ore  certain  soil  charocteristic  properties  which  modify  the 
modulus  of  elosticity  of  the  soil .  Figures  B-21  and  B-22  illustrate  the  effect  of  water  content  on  the  modulus  of  two  soil  types.  Figure 
B-21  shows  results  obtained  experimentally  by  D.  0.  Borkan,  ond  Figure  B-22  shows  the  results  of  a  theoretical  study. 

From  these  considerations  it  becomes  opparent  thot  for  soil,  the  modulus  of  elasticity  must  be  experimentolly  obtained  for 
M*^*he  specific  soil  conditions  and  load  choracteristics  used.  The  following  sections  will  deal  with  the  methods  presently  ovoiiable  for 
^  evaluating  the  necessory  elostic  properties  of  soil.  The  "constroined"  modulus  of  elosticity  will  be  the  first  property  discussed  since  the 
velocity  of  the  compression  wove  through  the  soil  is  dependent  upon  it. 
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Figure  B-19.  Streij-Sfroin  Diogrom 
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Figure  B-20.  Streij-Srrotn,  Typical  Soil 
h.  Defermlnatton  of  the  Conifralned  Modulus 

Since  several  soil  phenomeno  (e.g.  sample  dlsfurbonee,  preload,  lateral  confinement,  saturation. . .)  effect  the  elastic  con¬ 
stant  of  soil,  the  approach  Is  to  define  an  upper  and  lower  bound  For  the  elastic  constant.  Then,  depending  upon  the  stress  level  ex¬ 
pected,  which  In  turn  depends  upon  the  above  mentioned  soli  phenomena,  certain  ranges  of  the  elostle  modulus  will  be  chosen  which  best 
fit  the  situation. 

Thus,  the  Immediate  problem  is  to  define  the  upper  ond  lower  bounds  of  M  for  ony  given  soil  type.  This  Is  accomplished  by 
performing  two  tests: 

(1)  Seismic.  This  test  will  yield  the  uwr  bound  of  M.  it  entails  setting  off  o  subsurfoee  charge  ond  meosuring  the  seismic 

velocity.  This  value  v,  is  then  set  equal  to  •  Once  the  in  situ  density  of  the  soil  has  been  determined,  the  equation 

fW  '  ® 

Vs  =  \  g  eon  bo  solved  for  M.  If  the  soil  is  uniform,  this  value  will  be  corotont;  if  the  soil  is  layered,  M  will  voty  os  o  step 

function  with  depth. 

(2)  Static.  This  tost  will  yield  the  lower  bound  of  M.  This  test  can  be  performed  by  ony  of  the  three  methods  listed  below; 

(a)  Uneonfined  Compression  Test.  This  tost  will  in  gonerol,  yield  the  results  shown  in  figure  B-21. 


e 

Figure  B-21.  Compression  Test  Curves 

The  ratio  of  the  initial  or  loterol  tangent  modulus  to  the  axial  tangent  modulus  will  determine  Poisson's  Ratio,  (p)  .  From  this  one  con 

compute  M  =  E(l-u  )  .  Some  authors  consider  o  reasonable  value  of  M  to  be  two  or  three  times  the  initial  tangent  modulus. 

(I-2h)(I+u) 

(b)  Trioxial  Test.  Results  of  this  test,  tempered  by  the  confining  pressure  effects,  will  take  a  similar  form.  The  effect  of 
the  lateral  pressure  will  be  to  increase  the  modulus  of  elasticity.  Figure  B-22  shows  o  typical  effect  of  the  confining  lateral  pressure  on 
the  Initiol  tangent  modulus  of  a  clayey  silt.  Some  investigators  suggest  thot  a  reosonoble  value  for  the  constrained  modulus  con  be  ob- 
toined  by  doubling  the  value  obtained  from  the  trioxial  test. 

(c)  Confined  Compression  Test.  This  test  is  run  with  o  consolidometer.  The  slope  of  the  stress-strain  curve  in  this  case  is 
a  direct  determination  of  M.  Such  results,  however,  should  be  interpreted  with  o  great  deal  of  care  for  the  soil  phenomena  previously 
mentioned  have  o  pronounced  effect  in  this  cose.  The  best  procedure  would  be  to  use  the  results  of  this  test  in  conjunction  with  either 
the  trioxial  or  uneonfined  compression  test  results. 
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ofM. 


Once  the  seismic  and  static  results  have  been  obtained,  a  composite  graph  of  depth  vs  M  is  mode  to  define  the  desired  ronges 
Figure  B-22  illustrates  o  typicol  relationship  between  depth  end  the  constrained  modulus  M. 
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Figure  B-22.  Trtaxial  Confined  Compression 

In  order  to  better  define  the  selected  modulus  curve  os  It  approaches  the  upper  bound,  another  test  con  be  run.  This  Is  the 
vibration  test  and  Is  performed  by  taking  o  cylinder  of  soil  (which  may  or  may  not  be  subjected  to  o  confining  pressure)  and  then  propa¬ 
gating  dllltational  waves  in  the  specimen  until  resonant  frequency  it  obtained.  Then  shear  waves  are  applied  until  resonant  frequwey  is 
found.  The  former  procedure  yields  a  value  (E  =  C  «  fd^)  ,  Young's  Modulus,  while  the  latter  procedure  yields  (G  =  B  ui  Uji 
Shear  Modulus.  These  two  values  are  used  to  compute  Poisson's  rotio  which  in  turn  it  used  to  compute  the  constrained  modulus  (M).  See 
figures  B-23  and  B-24. 
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Figure  B-23,  Constroined  Modulus  Soturotion 
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Figure  B-24.  Modulw  of  Elasticity  vs  Loterol  Pressure 

listed  below  ore  typical  volues  for  seismic  velocity,  Young's  Modulus  and  Poisson's  Rotio  for  a  number  of  various  soil  typos. 
When  specific  test  data  are  unavailable,  the  values  may  bo  used  for  prellmlnory  computlons,  however  they  should  not  be  used  In  lieu  of 
such  test  dote. 

TABLE  B-l 


Soil 

E  (Pii) 

U 

Good  Granite 

4.5  X  10* 

8.3 X  10* 

,15 

.24 

Bod  Granite 

1  *  10* 

2x10* 

Limestone 

3x10* 

7x  10* 

.16 

.23 

Sandstone 

2  X  10*. 

4x  10* 

Dense  Sand>Gravel 

15  X  Iq3 

30  X  I03 

Dense  Sand 

7  X  10^ 

12  X  Iq3 

.3 

.35 

Loose  Sand 

1.5  X  10^ 

3xI03 

Hard  Cloy 

1  X  10^ 

2  X  10^ 

Seml-Plostlc  Cloy 

600 

1200 

.4 

.45 

Liquid  Plastic  Cloy 

200 

600 

Liquid  Cloy 

75 

500 

The  evoluatlon  of  the  constrained  modulus  M  is  the  most  important  step 

with  respect  to  the 

dynamic  loading  problem,  for  it 

has  o  direct  effect  upon  soil  displacement  os  well  os  shock  wove  velocity  computations.  This  will  be  shown  In  a  loter  section, 
i.  Soil  Pressures 

As  pointed  out  previously,  the  rar)ge  of  constraint  modulus  (M)  to  be  used  in  o  given  situation  depends  upon  the  stress  level  ex¬ 
pected  at  each  depth  under  consideration.  It  is, therefore,  neoessory  to  study  the  theoretical  distribution  of  stress  ond  the  modifications 
necessory  for  the  applications  to  Soil  Medium,  The  classical  equations  of  Boussinesq  ore  shown  In  figure  B-25,  with  the  usuol  simplifica¬ 
tion  applied  to  the  equations  for  stress  In  the  x  and  y  directions. 

Referring  to  the  figure,  if  is  seen  thot  for  x  =  y  =  0,  the  stress  in  the  z  direction  directly  under  the  lood  varies  Inversely  os  the 
squore  of  the  depth.  The  foregoing  discussion  treats  the  surface  loads  os  instantaneous  static  loads.  To  evaluate  the  variation  of  subsur- 
foce  stress  with  time,  since  the  magnitude  of  nucleor  blest  overpressures  ore  a  function  of  time,  we  need  only  to  Integrate  Boussinesq's 
equations  over  the  varying  distributed  surface  loading. 
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s  =  3Pz3 
'  2*R5 
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Figure  B-25.  Boosstnesq  Equation 


Figure  B-26  indicates  the  vertical  stress  distributions  in  o  soil  due  to  a  uniform  surfoce  pressure.  This  figure  shows  the  vorlo- 
tion  in  distribution  of  pressure  with  depth  and  olso  with  radial  distonce  from  the  center  of  the  looded  oreo.  The  two  tenths  (0.2)  Isobar, 
or  line  of  equal  stress  is  also  shown  in  this  figure. 

With  these  notions  of  stress  distributions  in  mind,  we  can  now  proceed  to  o  discussion  of  the  relationship  between  the  horizon* 
tol  ond  vertical  pressures  resulting  from  a  pressure  wave. 

Moving  analyzed  the  three-dimensional  characteristic  of  stresses  and  strains,  apply  these  stress-strain  conditions  to  a  dilitotlonal 
wave  propogoting  in  one  dimension  only,  with  no  lateral  stroins  resulting  in  the  other  two  directions.  This  brief  onalysis  con  then  be  used 
to  determine  a  relationship  between  the  magnitude  of  the  iongitudinol  pressure  wove  ond  the  induced  lateral  pressure  resulting  from  the 

pressure  wove.  From  three  dimensional  onolysis,  es^  fS-ufS+S)! 

E  X  '  y  z' 


But  if  the  wove 

travels  in  the  z  direction  only, 

then: 

*x  =  %  =  0 

5  =  S  =  S,  ,  , 

X  y  Lateral 

^axial 

Therefore, 

or 

^lateral  -  il  _ 

^axlal  1- u 

This  is  the  relotionshlp  obtained  between  Poisson's  Rotio  ond  K  from  o  three  dimensional  stress  approach.  This  value  of  K  Is  used  to  relate 
the  lateral  induced  stress  to  the  axial  pressure  wave  by:  ^i^teral  ~  ^  ^axlal 

This  elosticity  approach  should  be  kept  in  mind  so  thot  it  con  be  compared  with  the  typical  Mohr  envelope  analysis.  The  use 
of  on  experimentally  obtained  Mohr  envelope  to  determine  the  relationship  between  oxiol  and  lateral  pressures  is  a  classical  opprooch  and 
ossumes  incipient  motion.  This  opprooch  also  can  include  the  effects  of  the  various  experimentolly  obtoincd  soil  properties  on  the  axial 
and  loterol  pressure  relationship. 
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when  the  lateral  itralni  are  Induced  ai  shown  (on  the  left)  In  figure  B-27,  the  resulting  horizontal  pressure  Is  related  to  the 
opplled  vertical  pressure  by  the  relationship  Sk/Sv  "  l*Sln^  .  This  Is  known  as  the  "active  condition." 

lt-SIn« 

When  Inward  strains  occur,  as  shown  (on  the  right)  In  figure  B-27  by  the  action  of  the  horizontal  pressure,  the  resulting  rela* 
tionship  Is;  Sty/Sy  =  I*  Sln»  ,  This  Is  known  as  the  "passive  condition." 

!•  bin^ 

A  K  value  of  unity  Indicates  hydrostotlc  action.  This  topic  con  be  treated  from  this  aspect  ond  relote  K  to  the  stotlc  angle  of 
Internol  friction  of  a  solU-rather  than  to  Poisson's  Ratio  (  M  ).  Consider  Mohr's  Circle  of  Stresses  for  o  cohenslonless  soil  os  shown  ot 
the  bottom  of  figure  B>28.  The  relationship  between  the  principal  stresses  is  easily  obtained  ond  is  shown  beneath  the  figure.  This  Is, 
of  course,  the  active  coefficient  Ko  which  was  discussed  above.  To  derive  this  relationship,  the  triangle  bounded  by  the  envelope,  the 
X'OxIs,  and  the  radius  yields; 


S|  -  S2 


Sin  ♦  = 


Si  +  So 


but. 


S|  (Sin  *  -I  )  = 


0  lateral 
Ooxial 


-Sj  (I+Sino);  ^1  ^ 

$2  I  -  Sin^ 
So  t  -  Sin  ^ 


S|  I  +  Sin  ^ 


On  reconsideration  of  the  elasticity  relationships  shown  in  figure  B-IS,  a  two  dimensional  field  con  be  considered  and  the  equations  re¬ 
duce  to:  . 

e  =  —  (S  -  S  ) 

X  t  X  z 

Thus,  if  the  dilitationol  wave  travels  in  the  horizontal  direction  only,  we  see  that: 

e  =  0 

X 


^  ^lateral 


from  which. 


*  axial 

0  ' 


^  ^laterol  -  u  ^axiol) 


^lateral 

^xiol 


-  M 


The  difference  between  the  two  dlmensionol  anolysis  ond  the  three  dimcnsionol  anoiysis  is  shown  in  figure  B-28.  With  this  bockground 
we  con  not  approoch  the  problem  of  soil  displacements,  velocities  and  accelerations. 
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Figure  B-27.  Deformation  Condition 


Figure  B-28.  Two  Dimensional  vs  Three  Dimensional  Anolysii 


3.  Ground  Shock 


The  subject  of  ground  shock  is  rather  complex  and  in  generol  not  reodily  opprooched  by  o  realistic  theoreticol  onolysis.  The  eam- 
plexity  results  from  the  problem  of  correctly  analyzing  the  source  ond  of  predicting  the  response  of  the  nonhomogeneous,  nonelostie, 
nonisotropic  soils  moterial.  However,  the  two  sources  of  ground  shock  ore:  the  direct  transmitted  earth  shack;  and  the  oir  blast  induced 
ground  shock.  The  first  is  opplicoble  only  for  surface  ond  underground  bursts  ond  originates  at  the  center  of  the  explosion.  The  second 
results  from  the  high  overpressure  blast  wove  as  it  travels  outword  from  the  explosion  point  subjecting  the  ground  to  o  lotge  surface 
pressure.  The  direct  transmitted  wave  is  accomponied  by  large  plastic  deforniotions  within  o  few  crater  radii  and  is,  therefore,  attenuated 
rapidly  with  distonce.  However,  the  oir  blast  Induced  ground  motion  ore  dependent  upon  the  peak  overpressure  and,  therefore,  predomi- 
note  for  a  much  greater  rodlol  distance. 


ii 


Bacouse  many  raiearchert  hove  shown  thof  tha  probability  of  survival  doas  not  incraosa  much  for  an  Incraosa  in  design  ovar- 
prassurs  from  100  to  1000  pst  (for  a  CEP  of  opproximataly  one  mile)  and  because  of  tha  incraosa  In  cost  which  accompanies  the  higher 
ovarprassure  designs,  tha  moximum  sida-on  ovarpressuras  which  wa  should  concern  ourselves  with  ora  approximately  100  to  200  psl.  If 
this  It  accepted,  then  the  distonces  at  which  these  overpressures  occur  ore  well  outside  the  range  of  any  significant  direct-transmitted 
ground  shock.  Then  the  problem  Is  reduced  to  on  evaluation  of  oir  blast  induced  ground  shock.  * 

Air  blost  Induced  ground  shock  can  be  best  introduced  by  showing  an  air  blost  wave  and  the  resulting  seismic  wove  and  stressed 
toil.  Figure  B-29  shows  this  with  the  soil  pressure  wave  traveling  along  o  soil  column  perpendiculor  to  the  wove  front.  The  distribution  of 
pressure  in  the  toll  column  varies  from  zero  ot  the  front  of  the  wove  to  o  maximum  located  some  distance  (K)  behind  the  wave  front  to  the 
ottenuoted  overpressure  existing  at  the  surface.  The  varlotion  of  pressure  from  the  wave  front  to  the  peak  to  the  surface  will  be  assumed  to 
be  linear  even  though  it  It  apparent  it  will  not  be  such. 

The  variation  In  pressure  olong  the  stressed  soil  column  Is  the  result  of  the  nonlinearity  of  the  stress  strain  characteristic  of 
toll.  Since,  as  discussed  previously,  tha  velocity  of  wave  propagation  It  directly  proportional  to  the  modulus  of  elasticity  of  a  material, 
it  it  seen  that  os  the  stress  level  of  the  wave  increases  the  slope  of  the  stress  strain  curve  (the  Modulus  of  Elasticity)  decreases.  Therefore, 
the  increased  stress  levels  of  the  pressure  wave  are  propagated  at  slower  velocities,  hence,  resulting  in  the  pressure  peak  following  the 
wave  front. 


Figure  B-29.  Stressed  Soil  Column 

Figure  B-30  shows  the  real  and  linearized  stress  strain  curves  for  soil  ond  indicotes  the  significance  of  the  non-elasticity  of 
toil.  The  various  values  of  constrained  modulus  for  the  wave  front  (Mj),  the  wove  peak  (Mp),  ond  the  ulooding  cycle  (Mr)  will  be  dis¬ 
cussed  with  the  derivation  and  application  to  soil  strains  and  displacements. 

Figure  B-31  shows  a  procedure  presented  by  Wilson  and  Sibley  for  the  evoluotion  of  the  constrained  modulus  for  the  determi¬ 
nation  of  ground  displacements.  This  is  the  same  procedure  discussed  in  Chopter  4  of  the  AFDM. 

Once  the  constrained  modulii  hove  been  evaluated,  they  con  be  rewritten  in  terms  of  velocity,  and  curves  similar  to  those 
In  figure  B-32  can  be  constructed.  These  curves  will  be  predominate  in  the  evoluotion  of  ground  displacement  since  the  determination  of 
the  location  of  the  wove  front  and  wove  peak  will  be  mode  from  this  graph.  A  step-by-step  solution  using  this  figure  can  be  accomplished 
by  dividing  an  Increment  of  depth  by  the  overage  value  of  velocity  for  the  increment  and  summing  the  results  to  find  the  location  of  the 
wave  front  ond  wave  peak  at  any  time. 

An  exomple  of  this  is  shown  in  figure  B-33.  The  location  of  the  wove  front  ond  wave  peak  con  be  visually  Indicated  by 
Imagining  a  horizontal  line  on  this  figure  at  any  time  (i.e.  at  time  0.02  seconds)  which  would  indicote  the  location  of  the  wave  front  and 
wove  peak  by  the  intersection  point  of  the  two  curves  (i.e.  Zi  =  42  ft  and  Zp  =  20  ft). 

The  movement  of  the  wove  through  the  soil  moss  and  the  effect  of  the  increasing  stress  between  the  wove  front  ond  the  wove 
peok  results  in  stroin  volues  which  are  defined  by  the  constrained  modulus  defined  as  Mp.  However,  the  strain  values  for  decreasing 
stress  levels  between  the  wave  peak  and  the  surfoce  depend  upon  the  constrained  moculus  defining  the  unlooding  cycle  Mr.  This  will  be 
discussed  loter  with  a  discussion  of  the  equotions  presented  in  the  AFDM. 

•Cbrlstensen,  W.  J.,  CDR.CE  ,USN,  Atomic  Defense  Engineering  Technical  Study  *28,  Sept. ,  ‘59  (U) 
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Figure  B-33,  Wove  Form  Arrival  Time 

A  closer  exomirsotlon  should  now  be  mode  of  the  effect  of  the  pressure  wove  on  the  soil  ot  any  porticulor  depth.  Figure  B-34 
shows  grophlcolly  the  location  and  configuration  of  the  pressure  wave  when  the  wove  front  hos  just  reached  a  depth  Zo.  Shown  horizon¬ 
tally,  is  a  stress  time  curve  for  the  depth  Za  indicating  the  time  durmgwhlch  the  pressure  rises  from  zero  to  ih  moximum  volue  (referred 
to  in  the  figure  as  a  rise  time).  It  Is  during  this  period  of  time  that  the  detrimental  velocities  ond  occelerotlons  will  occur,  it  is  opporent 
then  that  the  relotive  locotlon  of  the  wove  front  ond  wave  peak  ore  important  in  ground  motion  study.  They  in  turn,  however,  ore 
dependent  upon  the  correct  evaluation  of  the  stress  strain  characteristics  of  the  soil, 

Becouse  of  the  nonlinearity  of  the  stress-strain  relationship  of  soil  it  is  opporent  thot  the  profile  of  the  stress  wove  ond  the 
profile  of  the  stroin  wove  ore  not  proportlonol.  Figure  B-35  shows  quolltotively  the  distribution  of  stress  In  the  stress  woves  ond  the  dis¬ 
tribution  of  strain  in  the  strain  waves.  The  envelope  of  the  stress  ot  the  wave  peak  is  defined  by  the  ottenuatlon  of  the  pressure  with 
depth.  The  opproach  currently  being  used  to  evaluate  the  ottenuotion  of  pressure  Is  the  spatial  ottenuatlon  foctor: 


I 


This  evaluates  the  pressure  ot  any  level  on  the  basis  of  the  Boussinesq's  equotions  and  the  stress  isobars  resulting  from  the  size  of  the  loaded 
area.  This  attenuation  factor  is  ®enservotive  since  It  does  not  Include  any  loss  due  to  visco-elastic  or  plastic  deformotion,  which  Is  bound 
to  occur. 

The  results  of  this  proceckire  of  obtaining  soli  displocements  by  using  o  summotion  of  successive  stotic  solutions  based  oJi'^soil 
parameters  for  dynamic  loodings  is  shown  In  figure  B-36.  The  total  displocements  ore  shown  for  the  surface  and  for  o  depth  of  lOO  ft,  orsd 
the  relative  displacement  of  the  two  ore  olso  shown. 

The  University  of  Arizona  hos  created  o  computer  solution  using  Hiis  opprooch,  A  comprehensive  evaluation  of  the  effect  of 
various  relative  volues  of  Mp,  Mr,  and  Mi  in  the  evaluation  of  ground  shock  hos  been  undertaken.  A  description  of  this  solution  is  pre¬ 
sented  ofter  Soil  Structure  Interaction. 
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Figure  B-34.  Chonge  of  Wave  Form  With  Depth 

4.  Soil  Structure  Interoction 

It  1$  well  known  that  flexible  thln-wall  structures  which  normally  exhibit  o  very  limited  lood  carrying  capocity,  hove  o  very 
targe  load  corrying  capacity  when  surrounded  by  soil.  This  principle  is  used  in  the  design  of  culverts,  pipeline  cosing,  ar>d  flexible  bulk- 
heods  for  highwoys  ond  other  earth  embankments.  The  "nuclear  oge"  hos  recently  focused  new  attention  on  this  phenomeno  becouse  of  the 
problem  of  underground  shelters.  Unfortunately,  however,  not  enough  is  known  obout  this  soil-structure  interoction  to  predict  the  ultimote 
load  carrying  capacity  of  such  an  underground  structure  with  any  degree  of  occurocy.  The  Bureau  of  Yards  and  Docks  has  mode  substontiol 
progress  in  the  area  of  sol  I -structure  interaction  on  culverts,  but  little  has  been  done  on  structures  of  other  configurations. 

The  studies  undertoken  ot  the  University  of  Arizona  as  a  port  of  this  reseorch  project  hove  as  on  objective  the  evoluotion  of 
the  soil  structure  interoction  and,  therefore,  an  evaluation  of  the  load  corrying  chorocteristics' of  the  various  bosic  possible  shelter  con¬ 
figurations.  The  studies  are  divided  into  two  parts  since  the  soil  con  beneficially  assist  the  structure  in  two  basic  ways.  First,  the  soil  con 
restrict  the  deformations  of  the  structure  and,  therefore,  Increase  the  mode  of  failure  and  the  foilure  load;  or  in  oddition,  the  soil  pressure 
con  redistribute  over  the  structure  according  to  the  degree  of  flexibility  of  the  various  ports  of  the  structure  and  usually  increase  the  ulti¬ 
mate  load.  Second,  the  pressure  con  redistribute  around  the  structure  by  on  "arching  oction"  to  the  odjacent  soil,  therefore  allowing  a 
greater  proportion  of  the  load  opplied  to  the  soil-structure  system  to  be  carried  by  the  soil  and  less  by  the  structure.  These  simplifications 
of  the  complex  problems  which  involve  the  composite  action  of  the  soil  and  o  structure,  constitute  the  phenomena  of  "soil-structure  inter¬ 
oction." 

Because  of  the  expense  and  time  necessary  to  conckict  full  scale  tests,  ond  becouse  of  the  voluoble  knowledge  obtolned  from 
simple  laborotory  tests  conducted  to  foilure,  the  studies  conducted  ot  the  University  of  Arizona  opply  the  theories  of  model  testing  to  the 
evoluotion  of  the  basic  possible  shelter  configurations  by  small  simplified  models. 

The  study  of  soil-structure  interaction  hos  been  divided  for  the  research  into  the  following  two  phases: 

0.  The  first  phase  deols  with  the  structural  beneficotion  resulting  from  the  restricted  deformotion  ond  redistribution  of 
pressures  occurring  os  o  result  of  the  soil-structure  interaction.  This  was  done  by  using  tension  membranes,  therefore  elimi- 
notlng  the  variable  of  the  change  In  mode  of  failure,  which  would  isolote  the  problem  of  the  redistribution  of  pressure. 

These  tension  membranes  used  in  conjunction  with  the  membrane  theory  allow  a  very  complete  evaluation  of  the  way  in  which 
the  deformation  of  o  structure  chonges  the  distribution  of  soil  pressure  action  against  the  structure.  This  is  a  very  important 
concept,  since  o  vertical  pressure  acting  ogainst  the  roof  of  o  shelter  may  be  increosed  by  blast  overpressure  by  an  amount 
which  exceeds  the  lood  corrying  copoclty  of  the  structure.  However,  os  the  roof  deflects  under  the  increase  in  pressure, 
sheer  stresses  ore  developed  in  the  soil  and  the  resulting  orchlng  causes  o  portion  of  the  load  to  be  trortsFerred  to  the  edge  of 

B-30 


Figure  B-35.  Stress  arid  Straits  Distribution 

the  roof  where  It  hos  less  detrimentol  effect.  Therefore,  ollhoogh  the  overage  eorth  pressure  is  greoter,  due  to  the  blast  over¬ 
pressure,  the  distribution  has  been  changed  so  that  the  stresses  in  the  structure  ore  less  than  would  be  expected  under  normol 
distribution.  This  chorocteristlc  of  soil-structure  interoction  is  evaluated  by  loading  buried  flot  circular  membranes  mode  of 
a  ductile  metal  with  o  blost  overpressure  whose  rise  time  end  moximum  pressure  simulote  o  nocleor  blost.  The  deformations  end 
principle  curvatures  of  the  resulting  deflected  membrones  ore  then  used  to  evoluote  the  distribution  of  pressure  on  the  structure, 

b.  The  second  phose  is  that  in  which  the  redistribution  of  the  toloi  lood  opplled  to  the  toil-SIrueture  system  is  evoluoted  to 
determine  the  relotive  proportion  carried  by  the  structure  ond  by  the  soil.  This  little  known  phenomeno  wos  pioneered  by 
Morston  ond  Spangler  and  Is  still  not  completely  understood  even  for  stotic  looding  conditions.  Therefore,  the  reseorch  under- 
token  in  this  oreo  is  based  on  evoluotion  of  the  distribution  of  lood  to  the  toil  ond  the  structure  for  the  stotic  condition  ond 
on  extension  of  these  results  to  dynomic  blost  loadings.  The  same  type  of  circulor  membrone  structure  it  being  used  in  this 
phose  in  order  to  maintain  o  closer  correlation  between  the  two  phoses  of  this  study.  In  this  phose,  the  model  structure  is 
burled  in  o  contoiner  of  toil  and  the  overpressure  is  opplied  stoticolly.  The  evoluotion  of  the  distribution  of  pressure,  os 
discussed  later.  Is  then  determined  by  measuring  the  omount  of  lood  tronsmitted  to  the  structure  and  to  the  soil  mots. 

The  two  types  of  soil-structure  interoction  ore  shown  in  figure  B-37.  The  pressures  shown  on  the  roof  of  the  structure  ond  at 
roof  level  in  the  surrounding  soil  are  the  subject  of  reseorch  presently  being  conducted  ot  the  University  of  Aricotxi  ond  represent  quolito- 
tively  the  results  obtoined  thus  for. 

The  redistribution  of  pressure  on  the  structure  is  odequotely  described  by  the  opprooch  presented  In  the  AFDM.  The  ossump- 
lions  used  in  the  derivotion  ond  ih-  resulting  ottenuotion  formulos  ore  described  in  figure  B-33.  An  orbitrary  moximum  deflection  to  spon 
volue  of  0.02  is  used  in  this  opprooch.  This  volue  (0.02)  represents  o  moximum  sheor  strain  ocross  the  top  of  the  structure  of  4%.  This 
ogrees  well  with  the  results  obtoined  in  our  loborotories  and  the  results  obtained  from  these  equotions  olso  correlate  well  with  our  experi- 
mental  results. 
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Figur*  B-38,  SoU  Arching  Design  CrUerio 

A  comporison  of  the  equations  describing  the  ottenootlon  of  soil  pressure  due  to  soil  structure  Interoetlon  ond  experlmentol  re¬ 
sults  is  indicoted  in  figure  8-39. 

In  this  figure:  Curves  (o)  ond  (b)  Indicote  the  correlation  for  o  structurol  configurotion  which  mokes  use  of  possive  pressures  In 
the  soil-structure  Interoction;  curves  (c),  (cO/  (e),  ond  (f)  Indicate  the  close  correlation  for  initially  flot  roofs,  between  the  AFDM  proce¬ 
dure  (Eq's  5-35  ond  5-36)  ond  the  experimental  results  obtoined  in  our  loborotories.  Curves  (c)  and  (f)  are  for  o  totol  t;sefut  depth,  ond 
0  useful  depth  of  the  totol  minus  one-quarter  of  the  span,  in  computing  the  ottenuotion,  A  useful  depth  of  the  totol  minus  one-quorter  of 
the  spon  is  suggested  by  the  AFDM  ond  it  indicates  close  but  conservative  results.  Curves  (g)  ond  (h)  show  the  correlotion  between  the 
total  lood  opplied  to  the  structure  and  the  "arching"  analysis  described  previously.  A  close  correlation  is  shown.  At  present,  odditionol 
work  Is  being  done  in  this  oreo  for  various  types  of  soils.  Curve  (i)  shows  on  experimento!  evoluotion  of  the  blest  chomber  ond  indicates 
the  effect  of  the  blast  chamber  configurotion  on  the  structural  models  tested;  this  is  shown  only  to  indicote  the  lock  of  blast  chomber  effect 
on  the  free-field  pressure  for  the  depths  used  in  the  study. 

5.  Free  Field  Ground  Displacements 

a.  Introduction 

To  obtain  order  of  mognitude  of  free  field  ground  displocements,  o  computer  program  wos  developed  to  determine  the  vertlcol 
dispiocement  versus  time  os  o  function  of  soil  properties  ond  the  weapon  porometers.  This  progrom  wos  based  on  one-dimensionol  wove  pro¬ 
pagation  equations  and  included  nonlineor  properties  of  the  soil  medium.  As  o  result,  residuol  displocements  os  well  os  peek  displocements 
were  determined  for  the  surfoce  ond  ot  various  depths. 

The  governing  equotions  ond  the  computer  flow  diogrom  ore  presented  in  the  following  section. 

b.  Computer  Progrom 

(I)  Definitiortt 


The  doto  stotement  for  this  program  consists  of  the  following  porometers: 


Engr. 

Comp. 

Definition 

^so 

PSO 

Peck  lide-on  overpressure  (ps?) 

MT 

WYM 

Yield  (Megotons) 

— 

B 

Slope  of  the  log  constrained  modulus  vs  depth  curve  (log  e) 

E; 

EMI 

Seismic  modulus  (Ibs/ft^) 

CK 

intercept  of  log  constroined  modulus  vs  depth  curve  (lbs/ft2) 

— 

ROE 

Moss  density  (lbs.  sec2/ft4) 

k 

SK 

(1  -  Mp/Mf)  or  Eir/Ejp 

z 

DZP 

Size  of  depth  Increments  down  to  the  point  of  peok  vertlcol  pressure  (Feet) 

— 

DIV 

Any  even  number 

COP 

Depth  at  which  constroined  modulus  equals  seismic  modulus 
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Figure  B-39,  Resijlh  of  Soil  Arching  SK^dies 

These  parameters  will  eventually  make  the  progrom  general  enough  for  use  in  computing  the  free  field  ground  displace¬ 
ments  ot  ony  distonce  from  ony  size  weapon.  The  only  preliminory  hond  calculation  required  is  thot  for  P50,  the  volue  of  which  is  highly 
dependent  upon  the  targeting  anoiysis  for  the  areo  under  considerotion.  The  program  o$  it  Is  now  set  up  is  applicable  only  to  a  PSO  of  50 
PSI.  Work  is  now  underway  to  further  generolize  the  program  to  include  all  PSO  ronging  from  10  PSI  to  2000  PSI. 

(2)  Determination  of  Voriobles 

,  Using  the  results  of  trioxial  compression  tests,  unconfined  compression  tests  ond  seismic  tests  run  at  the  University  of 
Arizono  for  soil  somples  typieol  of  the -Tucson  Volley,  the  log  of  the  csmstroined  modulus  was  plotted  ogoinst  equivolent  depth.  At  depths 
where  the  rotio  of  the  ottenuated  peek  overpressure  to  either  the  overburden  soil  pressure  or  the  preload  pressure  was  greater  than  3,  the 
curve  for  the  constrained  modulus  wos  constructed  closer  to  the  lower  bound  (trioxiol  ond  unconfined  dato).  At  depths  where  the  ratio  of 
the  ottenuated  peek  overpressure  to  the  prelood  pressure  was  less  than  I,  the  curve  for  the  constrained  modulus  was  constructed  closer  to  the 
upper  bourtd  (seismic  dota).  The  interval  between  these  end  conditions  wos  opproximoted  by  o  stroight  line.  This  procedure  for  the  deter- 
mirsotion  of  the  resulting  "selected  modulus''  curve  is  in  occordaoce  with  the  generolly  occepted  method  as  outlined  in  the  AFDM.  In 
order  to  moke  this  selected  modulus  depth  relotionship  amenable  to  the  computer  progrom,  an  exponential  equotion  was  written  to  describe 
the  voriotion  of  selected  modulus  with  depth.  This  equation  is  no  longer  volid  post  that  depth  (COP)  ot  which  the  selected  modulus  hos  In 
effect  become  the  seismic  mqdglus. 

Since  the  depth  COP  will  be  o  function  of  the  portlculor  soil  type  being  investigated,  the  porometer  COP  hos  been  con¬ 
sidered  o  vorlebfe  in  Jhe  computer  progrom.”  In  our  cose  COP  =  80  feet  (refer  to  figure  B-40).  Once  the  log  selected  modulus  vs  depth 
curve  hos  been  determined  the  pbrometers  B,  CMI,  ond  CK  os  previously  defined  con  be  obtained. 

With  PSO  ond  WYM  known  from  the  torgeting  onolysis  of  the  oreo,  the  only  variables  in  the  program  remoining  to  be 
determined  ore  ROE,  SK,  DZP  and  OlV.  The  moss  density  ROE  is  determined  by  the  stondard  soil  mechonics  test  procedures.  SK  is  the 
rotio  of  residool  stroin  to  moximum  strain  and  can  be  obtoined  from  the  stress-stroin  curve  for  the  soil  os  predetermined  in  the  laborotory. 


Y 
■ 'i 
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DZP  I*  on  arbJfrory  Increment  of  depth  used  to  define  the  depth  at  which  the  ottcnuoted  peok  verticol  stress  exists.  Finolly,  DIV  Is  ony 
even  number  which  when  #<vlded  Into  the  depth  Interval  between  the  pressure  wave  front  ond  pressure  wave  peok  will  break  It  up  into  on 
even  number  of  increments  ond  thereby  moke  It  amenable  to  SImpsors's  Rule  of  Approximate  Integrotlon.  The  some  volue  of  DIV  Is  used  for 
the  depth  between  the  surface  and  the  ottenuoted  peak  verticol  stress. 

(3)  Assumptions 

in  order  to  facilitate  solving  the  problem  of  free  field  ground  displocements  certain  ossumptions  were  mode.  These  ore; 
(o)  The  stress-stroln  curve  for  the  soil  type  under  considerotion  was  linearized. 


i  -  LINEARIZED 

—  — -  TYPICAL  f=EAL  CURVE 


Figure  B-4U.  UrseorUed  Stress^^Stroin  Curves 

The  consequence  of  this  assumption  Is  to  increose  the  stroln  slightly  for  ony  given  stress  level  on  the  looding 
portion  of  the  curve  or>d  conversely  to  decreese  the  strain  slightly  for  ony  given  stress  level  on  the  unlood  portion  of  the  curve.  The  ossump* 
tion  will  yield  conservative  volues  of  stroln  on  the  (ooding  portion  of  the  curve,  ond  whereoi,  ot  first  sight,  the  stroins  resulting  from  the 
linearized  approximation  on  the  unload  portion  of  the  curve  would  seem  unconservotive,  we  notice  thot  the  moxlmum  residuol  stroln  of  the 
linearized  curve  corresponds  exactly  with  that  of  the  real  curve.  Thus,  even  with  the  llneorized  osiumption,  the  rotio  of  the  residuol  stroln 
to  the  peak  strain  remains  the  same,  and  this  Is  the  Importont  factor  In  detenmining  unlooding  stroir«, 

(b)  The  stresses  ond  motions  ore  assumed  to  result  from  o  ooe'dimensionol  dilototlonol  wove.  Thus,  we  will  concern 
ourselves  only  with  vertical  strain, 

(c)  As  o  result  of  previous  assumptions,  the  time  dependent  loading  function  must  be  considered  as  octirsg  uniformly 

over  a  surfoce  of  infinite  extent.  Thus,  shearing  stresses  do  not  enter  Info  the  oiwlysis.  •' 

(d)  Surfoce  loads  ore  considered  os  instontoneous  stotic  loods.  This  enobles  the  subsurfoce  stress  to  be  computed  by 
"freezing"  the  stress  pattern  at  successive  times  as  the  stress  front  ond  stress  peok  progress  downwords  through  the  soil, 

(e)  Only  spotlol  ottenuotlon  of  the  peak  surfoce  overpressure  Is  considered  in  the  determinotlon  of  the  peak  vertical 
stress  ot  depth.  In  effect  this  ossumes  thot,  upon  loading  to  a  peok  value,  the  soil  octs  os  on  elostic,  homogeneous,  isotropic  medium,  for 
otherwise  the  Inelostic  behavior  of  the  soil  would  hove  to  be  considered  os  on  energy  dissipotor.  By  ossuming  only  spotlol  ottenuotlon  with 
depth,  the  peok  vertical  pressure  volues  determined  should  be  conservotive. 


plgurt  6-42.  Lln«ortzec!  Curves  used  In  S^udy 

Figure  B-42  (a)  represents  a  perfectly  elastic  material  (e.g.  steel  below  the  yield  point)  where  stress  Is  proportional  to  strain  both  on  the 
loading  ond  unlooding  portions  of  the  curve.  Figures  B-42  (b)  through  B-42  (e)  represent  vorlous  degrees  of  plostlclty  so  that  in  each  cose, 
upon  unlooding,  there  remains  a  residual  strain.  This  Indicates  thot  the  constant  of  proportionality  (constrolned  modulus  of  deformotlon  Mp) 
for  the  loading  portion  of  the  curve  differs  from  the  constant  of  proportlonolity  (constrolned  modulus  of  deformation  M^)  for  the  unlooding 
portion  of  the  curve.  The  ratio  (SK)  of  the  residual  strain  to  the  peak  strain  is  usually  selected  as  the  parameter  which  defines  the  unloading 
stress-strain  curve  of  the  soil  ond  this  rotio  is  related  to  the  differences  in  moduli  by  the  expression:  SK  =  I  -  Mp  / 

The  effect  of  this  difference  Is  vividly  shown  In  the  plot  of  displacement  ot  the  surfoce  vs  time  offer  orrivol  of  PSO,  shown  as  figures  B-42. 
Figure  B-42  (f)  represents  the  perfectly  plostic  cose  wherein  there  Is  no  decrease  of  stroln  with  de'creose  In  lood. 

(g)  The  seismic  modulus  Is  considered  o  constant  since  the  soil  hos  been  ossumed  to  be  o  homogeneous,  Isotropic  medium. 
In  reollty  the  soil  Is  generally  stratified,  and  this  would  meon  o  "stepped”  vorlotion  of  seismic  modulus.  Such  variations  In  seismic  modulus, 
however,  could  very  eoslly  be  Included  In  the  program  since  EMI  Is  already  IrKluded  therein  os  o  vorioble  porometer, 

(4)  The  Program 

Although  there  ore  mony  vorloHortt,  the  boslc  computer  program  for  the  determlnotlon  of  free  field  ground  displocements 
due  to  a  nuclear  detonation  is  as  follows. 

r  100  1  1/2  t/3 

The  constant,  Uv  =  LpSOJ  [WYM]  Is  computed  for  the  given  overpressure  ond  weapon  yield.  This  informo- 
tion  is  needed  loter  on  In  the  program  for  the  determlnotlon  of  ALP,  the  spatlol  ottenuotlon  foctor  from  the  formulo  ALP  =  l/l+ZP/FLW. 

The  next  step  in  the  program  Is  dependent  upon  o  previous  decision  os  to  whot  depth  of  peok  verticol  pressure  wifl,  hove 
significant  effect  upon  the  resulting  displocements.  This  decision  requires  some  degree  of  judgement  since  too  shollow  o  depth  will  not  yield 
the  maximum  displacement.  Thus,  in  this  respect,  it  seems  safe  to  assign  o  depth  equal  to  or  greoter  thon  COP,  the  depth  at  which  the  con¬ 
strained  modulus  equals  the  seismic  modulus.  In  any  case,  this  depth  Is  divided  by  OZP,  the  predetermined  size  of  the  depth  increment  down 
to  the  point  of  peak  verticol  pressure,  to  define  for  the  computer  the  number  of  times  it  must  go  through  the  displacement  computation. 

Thus,  if  the  depth  chosen  were  80  feet  and  the  size  increment  by  which  we  wished  to  progress  to  80  feet  were  chosen  os  5  feet,  the  computer 
would  solve  the  problem  80/5  or  16  times.  In  the  basic  progrom  this  stotement  wos  the  outside  "do  loop"  i.e,,  the  mochine  was  set  to  do 
this  problem  for  N  =  I  to  16.  At  N  -  I,  the  depth  (ZP)  at  which  the  peok  verticol  pressure  occurred  wos  5  ft,  ot  N  =  2,  ZP  wos  10  ft;  ot 
N  -  3,  ZP  wos  15  ft,  ond  so  forth  down  to  80  ft. 

The  next  step  was  to  determine  the  orrivol  time  of  the  peok  verticol  pressure,  PVP,  ot  a  given  ZP.  Here  on  "IP' 
statement  wos  Introduced,  i.e,,  if  ZP  <  COP  ft  one  procedure  wes  followed,  if  ZP  >  COP  ft,  onother  wos  followed.  For  ZP  <  COP 
ft,  in  order  to  determine  the  time  required  for  the  peok  verticol  pressure  to  orrive  ot  the  depth  ZP,  o  summation  hod  to  be  mode^of  the  time, 
DELT,  it  took  for  the  pressure  peok  to  trovel  through  eoch  DZP  down  to  ZP.  However,  DELT  Is  inversely  proportlonol  to  the  s^ore  root  of 
the  selected  modulus,  Mp.  The  selected  modulus  in  turn,  vories  logorithmicolly  with  depth  so  thot  over  on  increment  OZP  the  selected 
modulus  could  display  o  signiflcont  voriotlon.  Thus,  on  overoge  voloe  for  each  increment  was  needed.  For  example.  In  considering  the 
time  for  the  pressure  peak  to  trovel  between  the  15  ft  ond  20  ft  depths,  the  Mp  for  17,5  ft  wos  used  os  long  os  20  ft  wos  <  COP.  •  A  general 
expression  wos  written  that  would  assure  this  overage  value  for  eocK  increment  of  depth. 

If  ZP  >  COP,  the  selected  modulus  no  longer  voried  with  depth  ond  become  in  effect,  the  seismic  modulus.  Thus, 
the  time  required  for  the  pressure  peak  to  trovel  through  on  increment  OZPoto  depth  below  COP  was  merely  equal  to  DZP/^^^  V/^ 

Q  constont  value  for  oil  DZP  below  COP.  ‘  \EMI  / 


With  the  time  for  PVP  to  travel  to  o  depth  ZP  now  known,  the  next  step  wos  to  determine  the  location  of  the  pressure 
wove  front.  This  depth  Z1  was  eoslly  derived  from  the  expression: 

/EMI  \  1/2 

'  ZI  =  ,^DELT 
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The  intervol  between  Zl  and  ZP  was  then  divided  into  OlV  increments  of  size  DZL  where  DZL  =  (Zl  -  ZP)/D1V, 
Stortirsg  ot  Zi  where  the  vertical  stress  equols  zero,  the  computer  proceeded  to  calculate  the  stress  at  various  consecutive  depths  DZL 
feet  less  than  the  previous  depth  until  it  reached  depth  ZP  where  the  stress  was  the  peak  vertical  ottenuated  stress  PVP.  Figure  B-43 
illustrates  the  procedure. 


Figure  B«43.  Notation  for  One-Oimenstonal  Wove  Propogotton  (Loodtng) 

In  order  to  take  into  account  the  fact  that  Mp  becomes  EMI  ot  o  certain  depth  COPr  an  "If"  itotement  had  to  be 
introduced  before  the  straim  corresponding  to  the  colculoted  stresses  could  be  determined.  This  stotement  set  the  computer  so  that  if  the 
depth  under  consideration  was  less  than  COP,  the  value  of  Mp  was  to  be  computed  for  thot  porticular  depth,  since  above  COP  the  selected 
modulus  itself  is  a  function  of  depth.  The  strain  of  this  depth  was  then  determined  using  the  equotion  for  strain  for  the  loading  portion  of 
the  stress-stroin  curve. 

If  the  depth  under  comiderotion  wps  greater  then  COP,  EMI  wo$  used  in  the  stroin  computotion.  The  volue  of  EMI 
wos  assumed  constant  with  depth  and  was  given  os  part  of  the  original  doto.  Refer  to  figure  8-43. 

With  the  strains  below  ZP  now  computed,  Simpon's  Rule  for  Approximate  Integrotion  was  employed  to  sum  the  oreo 
beneoth  the  strain  curve  and  thereby  arrive  ot  a  value  for  the  lower  displocement  D15PL.  Although  the  stresses  were  ossumed  to  very 
linearly  with  depth,  Simpson's  Rule  hod  to  be  used  In  order  to  account  for  the  nonlineority  of  the  stroin  profile  above  depth  COP  due  to 
the  nonlineor  vorlotion  of  Mp  with  depth  above  COP. 

(• 

With  the  lower  displacement  now  computed  for  o  particular  ZP,  the  colculotion  of  the  upper  displocemertt  wos  the 
next  logicol  step.  The  upper  displacement  refers  to  thot  which  takes  ploce  between  the  surfoce  ond  depth  ZP.  The  same  proc^ure  wos 
adopted  here  os  was  used  to  determine  the  lower  displacement,  i.e.,  first  to  determine  the  stress  ot  depth  ZP  ond  the  stress  at  the  surface, 
and  then,  assuming  o  lineor  vorlotion  of  stress  between  these  two  points,  to  compute  the  corresponding  itroins  at  various  depths  along  the 
intervai.  Since  the  stress  at  ZP  was  olreody  known  from  previous  computotions  (PVP  =  ALP  x  P50),  oil  thot  was  needed  was  the  value  of 
the  surfoce  stress.  This  stress  PT  (refer  to  figure  B-43)  was  found  to  be  the  time  dependent  decoy  of  the  peak  side-on  overpressure.  Unfor¬ 
tunately,  equations  for  the  vorlation  of  PT  with  time  were  r>ot  ovoiioble,  so  on  opproxlmote  expression  hod  to  be  derived  from  the  curves 
found  in  the  AFDM.  An  equation  relating  PT  to  PSO,  TIME  ond  WYM  wos  finolly  obtolned,  but  its  use  ii  limited  to  a  PSO  of  obout  50 
PSI.  Work  is  now  underway  to  extend  the  expression  for  PT  to  include  oil  PSO  from  10  to  2000  P5I  ond  thereby  further  generollze  the  pro¬ 
gram. 

With  the  stresses  ot  the  surface  (PT)  end  ot  depth  ZP  (PVP)  known,  the  intervol  ZP  wot  divided  by  OlV  to  breok  It 
op  Into  on  equol  number  of  increments  of  size  ZP/DIV  feet.  Then,  starting  ot  depth  ZP  ond  proceeding  upward  in  Increments  of  ZP/DIV 
feet,  the  stress  was  computed  ot  eoch  depth.  In  this  way  the  lineor  stress  profile  wos  obtained  os  illustroted  in  figure  B-43.  Before 
proceeding  to  the  strain  computotion  on  "iP*  stotement  hod  to  be  introduced  to  ossure  o  proper  volue  of  selected  modulus. 

As  before,  if  the  depth  under  considerotion  were  less  then  COP,  then  the  volue  of  the  selected  modulus  hod  to  be 
computed.  If  the  depth  under  considerotion  were  greoter  thon  or  equol  to  COP,  then  the  volue  of  the  selected  modulus  merely  become  the 
value  for  the  seismic  modulus  EMI.  With  this  distinction  made,  the  stroin  ot  eoch  level  of  the  previously  computed  stresses  was  colculoted 
(see  figure  B-44  ),  ond  the  oreox^nder  the  resulting  strain  curve  ogoin  summed  by  Simpson's  Rule  to  yield  the  upper  displacement, 

DISPU.  The  equations  for  stroin  In  the  upper  intervol  differed  radicolly  from  the  equations  for  strain  in  the  lower  Intervol  since  the  former 
were  computing  itraineon  the  unlood  portion  of  the  curve  where  the  effects  of  reslduol  strain  had  to  be  taken  Into  account.  The  total 
displocement  wos  obtained  by  summing  the  upper  and  lower  displacements. 

The  print-out  of  this  computer  program  included  the  following  items; 

(1)  Time  in  seconds  after  the  otrlvoi  of  the  peek  side-on  overpressure. 

(2)  ZP  -  the  corresponding  depths  to  which  the  pressure  wove  peak  hod  descended.  (Feet) 

(3)  Zi  -  the  corresponding  depths  to  which  the  pressure  wave  front  hod  descended.  (Feet) 

(4)  PT  -  the  volue  of  the  surface  pressure  corresponding  to  the  times  given  obove.  (Psi) 

(5)  DISPL  -  the  corresponding  lower  displocement  in  feet. 

(6)  DISPU  -  the  corresponding  upper  displocement  In  feet. 

(7)  DISP  -  the  sum  of  the  corresponding  DISPL  and  DISPU  or  the  totol  displocemertt  for  the  times  given  above.  (Feet) 
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Figure  B-44.  NotoMon  for  Ono-DImensionol  Wove  Propagation  (Unloading) 

(5)  Result) 

Since  the  streii-itroln  relationship  for  even  what  moy  be  called  a  "typical  soil"  Is  of  an  extremely  complex  nature, (h) 

It  seemed  advisable  to  generalize  our  investigation  of  a  given  soil  by  prescinding  from  the  stress-strain  curve  obtained  in  the  laboratory. 
Thus,  we  undertook  to  investigate  the  effect  of  eoct  of  the  following  six  linearized  stress-strain  relationships  upon  the  surface  displacement 
duo  to  o  50  psi  overpressure  from  a  nuclear  oir-burst.  See  figures  B-45  through  B-47. 
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Figure  B*’46.  Flow  Oiogrom,  CKort  2 
B*39 


Figure  B-47.  Flow  D»agfon,  Chort  3 
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0.  Predlcfion  of  Inirlol  Radiction 


Thii  radiotlon,  v*Klch  i»  qoJto  different  from  thermal  rodiotiort,  coniiiti  of  gommo  roys,  neutrons,  beto  pofticles,  ond  o  imoll  proportion  of 
olphd  portfcles.  Most  of  the  neutrons  ond  port  of  the  gommo  roys  ore  emitted  m  the  cctuol  fission  process/  thot  Is  to  *oy,  simyltorteously 
with  th«  event.  The  remainder  of  the  gommo  rays  ore  produced  In  various  secondary  nucleor  processes,  includlrsg  decoy  of  the  fission  pro¬ 
ducts.  The  beto  porticics  ore  olso  emitted  os  the  fission  products  decoy.  Some  of  the  olpho  particles  result  from  the  rsormol  rodiooctive 
decoy  of  the  uroniym  or  plutonium  which  has  escaped  fission  in  the  weopon,  and  others  (helium  nuclei)  ore  formed  in  hydrogen  fusion 
reoctions. 

Beccuse  of  the  noture  of  the  phenomeno  ossocioted  with  o  nucleor  explosion,  either  in  the  oir  or  near  the  surface.  It  is 
corwenicnt  (far  proctico!  purposes)  to  consider  the  nuclear  radiations  os  being  divided  into  two  cotcgoric*--tnitiol  ond  residual.  The  line 
of  demorcotion  is  somewKot  orbitrory,  but  it  moy  be  token  os  about  !  minute  ofter  the  explosion.  The  initiol  nuclear  radiation,  with  which 
this  division  will  be  concerrsed,  refers  to  the  rodiotion  emitted  within  I  minute  of  the  detonotion.  For  ursderground  or  onderwoter  explosions, 
it  is  less  meoningful  to  separate  the  initial  from  the  residue)  nuclear  rodiotion,  although  the  distinction  moy  be  mode  if  desired. 

The  ronges  of  olpho  ond  beto  porticles  ore  comporotively  short  ortd  they  connot  reach  the  surface  of  (he  eorth  from  o  hif)s 
oltitude  oir  burst.  Even  when  the  fireboll  touches  the  ground,  the  olpho  ond  beto  particles  ore  not  very  importont.  The  initiol  nucleor 
rodiotion  moy  thus  be  regarded  os  consisting  only  of  the  gommo  roys  end  rseutrons  produced  during  the  first  minute  of  the  nucleor  event. 

Both  of  these  rKicleor  rodiatioru,  otthoogh  different  In  cKorocter,  con  travel  asmiderobte  distances  through  the  oir.  Further,  both  gommo 
rays  orsd  rseutrons  con  produce  harmful  effects  in  living  organisms.  It  is  the  highly  injurious  rvature  of  these  nuclear  radiotioro,  combined 
with  their  long  range,  thot  makes  them  so  significant.  Although  the  energy  of  the  initiol  gommo  roys  ond  neutrons  ts  only  about  3  percent 
of  the  total  ertergy,  compared  with  some  3'  percent  appearing  os  thermal  radiotion  in  on  oir  burst,  the  rsucleor  rodiotions  con  couse  o  con¬ 
siderable  proportion  of  the  eosuolties. 

Meat  of  the  gommo  rays  accompanying  the  octuol  fission  process  ore  obsorbed  by  the  weapon  moterioU  ond  ore  thereby 
converted  into  other  farms  of  energy.  Thus,  only  o  small  proportion  (obout  I  percent)  of  this  gommu  rodiotion  succeeds  in  penetroting 
any  greot  ditlonce  from  the  OMptodlng  weopon;  but,  oi  will  be  ujn  shortly,  there  ore  leverol  other  source*  of  gommo  rodiotion  thot  contri¬ 
bute  to  the  Initial  nucleor  rodiotion.  Slmtlorly,  the  neutrons  produced  In  Hiilon  ore  to  o  greol  extent  tiovred  down  ond  coptured  by  the 
weapon  residues  or  by  the  otr  through  which  they  travel.  Neverthelitii,  o  sufficient  number  of  fast  (fission)  neutrons  eecop#  from  the  fireboll 
region  to  represent  o  lignlficont  hoiard  ot  considerable  distances. 

Although  shielding  from  thermal  radiation  at  distances  ctoee-in  to  the  bunt  point  is  o  fairly  simple  motter,  thU  is  not  tnie 
far  gamma  rays  and  neutrons.  For  example,  ot  o  distance  of  I  mile  from  a  f-megoton  explosion,  the  initiol  nuclear  rodiotion  would  probably 
prove  fatol  to  o  large  proportion  of  exposed  human  beings  even  If  they  were  shielded  by  24  inches  of  concrete.  A  much  lighter  shield  would 
provide  complete  protection  from  thermal  radiatlcn  ot  the  some  locotion.  The  problems  of  shielding  from  thermol  ond  nuclear  rodloHons  ore 
thus  quite  distinct. 

The  effective  Injury  ranges  of  these  two  kirsdi  of  nucleor  weopon  rodiotions  moy  olso  differ  widely.  For' explosions  of 
moderate  ond  lorge  energy  yields,  thermol  rodiotion  con  hove  harmful  cortsequences  ot  oppreclobly  greater  dlstonces  than  can  the  Initiol 
nuclear  radiation.  Beyond  obout  1-1/4  miles,  the  Initial  nucleor  rodiotion  from  o  20-klloton  oir  bunt,  for  Instenee,  would  rsot  coum 
observoble  injury  even  without  protective  shielding.  However,  exposure  to  thermal  rodiotion  ot  this  distance  could  produce  serious  skin 
bums.  On  the  other  bond,  when  the  energy  of  the  nucleor  explosion  it  relatively  smoll,  far  example,  o  kiloton  or  less,  the  initiol  nucleor 
rodiotion  has  the  greater  effective  range. 

In  the  discussion  of  the  chorocteristics  of  the  initiol  nuclear  rodiotion,  it  is  deslroble  to  consider  the  neutrorss  ond  the 
gamma  roys  separotely.  Although  their  ultimote  effects  on  living  organisms  ore  much  th-  some,  the  two  kinds  of  nucleor  radiotions  differ 
in  mony  respects.  The  subject  of  gommo  roys  will  be  coTSidcred  in  the  section  which  fellows,  ond  neutrons  will  be  discussed  later. 

2,  Sources  cf  Gamma  Roys 

In  oddition  to  the  gommo  rays  which  octuolly  occompony  the  fiwion  process,  contributions  to  the  initial  nudoor  radiotions 
ore  mode  by  gemma  roys  from  other  sources.  Ot  the  neutrons  produced  in  fission,  some  serve  to  sustoin  the  fiuion  choin  reoction,  others 
escope,  and  o  lorge  number  ore  inevitably  captured  by  non-fissionoble  nuclei.  As  o  result  of  neutron  copture,  the  nucleus  it  converted  into 
0  r>ew  species  known  os  o  "compound  nucleus,"  which  is  in  a  high  energy  (or  excited)  state.  The  excess  energy  may  then  be  emitted  ol- 
most  irtfantoneously,  os  gamma  rodiotions.  These  ore  called  "coputvre  gommo  roys,"  becouse  they  ore  the  result  of  the  copture  of  o 
neutron  by  o  nucleus.  The  process  is  correspondingly  referred  to  os  "rodiotive  copture." 

Neutrons  produced  in  fission  con  ursdergo  rodiotive  copture  reoctions  with  the  nuclei  of  vorious  moterioit  present  in  the 
weopon  05  well  os  with  those  of  nitrogen  in  the  surrounding  atmosphere.  These  reactions  ore  occompanied  by  gommo  rays  which  form  port 
of  the  initial  nuclear  rodiotion.  The  interoction  with  nitrogen  nuclei  is  of  porticulor  importonce  since  some  of  the  gamma  roys  thereby 
produced  hove  very  high  energies  and  ore,  consequently,  much  less  easily  ottenooted  than  the  other  componenh  of  the  initiol  gommo 
rodiotion. 

The  Interoction  of  fission  neutrorw  with  certoin  atomic  nuclei,  porticulorly  heavy  nuclei,  provides  onothffy  source  of  gommo 
roys.  When  a  "fast  neutron,"  for  example  one  having  o  large  amount  of  kinetic  energy,  collides  with  such  a  nucleusy  tl^Mutron  moy 
tronsfer  some  of  its  energy  to  the  nucleus;  leaving  the  lotter  in  on  excited  (high-energy)  stote.  The  excited  nucle'in  coWil^kn  retum'to  its 
norma!  energy  (or  ground)  state  by  the  emission  of  the  excess  energy  os  gommo  roys.  This  type  of  interoction  of  a  fosf  hiVroo  with  o  nu¬ 
cleus  ii  called  "inelcstic  scattering’*  end  the  occomponying  rodiotions  ore  referred  to  os  "inelostic  scottering  gommo  rays’." 

The  gommo  roys  produced  in  fission  and  os  o  result  of  other  neutron  reactions  ond  nucleor  excitation  of  the  weopon 
moteriols  oil  oppeor  within  o  second  (or  less)  ofter  the  nucleor  explosion.  For  this  reoson,  the  rodiotions  from  these  sources  ore  known  os 
the  "pforTrpt"  or  ■  instantaneous"  gommo  roys. 
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The  fl*5*oo  oao  mony  rhetr  dcccy  pioducK  ore  fodJoocHvc  isotope:  which  on>Ii  yammo  rodiotions.  The  Kolf- 

liv«  of  these  rodioocfivc  species  ronge  from  o  froction  of  a  second  to  mony  yeors.  Nevertheless,  since  the  decoy  of  the  fission  frogments 
commences  ot  the  instont  of  fission;  ond  because  In  foct  their  rote  of  decoy  is  greotest  ot  the  beginning,  there  will  }pe  on  opprecioble  libera 
otion  of  gomrro  radiation  from  these  rodioisotopes  during  the  first  minute  ofter  the  explosion.  In  other  words,  the  gbmmo  roys  emitted  by 
the  fission  products  moke  o  significant  contribution  to  the  initio!  nucleor  rodiotion.  However,  since  the  rodiooct've  decay  process  is  o 
.  continuing  (or  gradual)  one,  spreod  over  o  period  of  time  which  is  long  compored  to  thot  in  which  the  instantaneous  rodiotion  is  produced, 
the  resulting  gommo  rodiotions  ore  referred  to  os  the  "delayed*'  gommo  roys. 

The  instontoneous  gommo  roys  ond  the  portion  of  the  delayed  gommo  roys  which  are  Inciwded  in  the  initial  rodiotion  ore 
nearly  equol  in  omount,  but  they  ore  by  no  meons  equol  froctioni  of  the  initiol  nucleor  radiation  transmittec  from  the  exploding  weapon. 

The  instontoneous  gommo  roys  ore  produced  almost  entirely  before  the  weopon  hos  completely  blown  oport.  They  ore,  therefore,  strongly 
absorbed  by  the  der»e  weopon  moterioli,  ond  only  o  small  proportion  octuolly  emerges.  The  delayed  gommo  roys,  on  the  other  bond,  ore 
mostly  emitted  ot  o  later  itoge  in  the  explosion;  after  the  weopon  moteriols  hove  vaporized  ond  expended  to  form  o  tenuous  90s.  These 
rodiotions  thus  suffer  little  or  no  absorption  before  emerging  into  the  air.  The  net  result  is  that  the  deloyed  gommo  roys,  together  with  those 
produced  by  the  radiative  capture  of  neutrons  by  the  nitrogen  in  the  otmosphere,  contribute  oboot  o  hundred  times  more  than  the  prompt 
gommo  roys  to  the  total  nucleor  rodiotion  received  ot  o  distance  from  cm  oir  (or  surfoce)  burst  during  the  first  minute  after  detonotion. 

There  Is  onother  possible  source  of  gommo  roys  which  may  be  mentioned.  If  o  nucleor  explosion  occurs  near  the  earth's 
turfoco,  the  emitted  iseutrons  con  cause  whot  is  colled  "induced  rodiooctivity"  occomponled  by  the  emission  of  gommo  roys  which  will 
commence  ot  the  time  of  the  explosion  ond  will  continue  thereafter.  However,  except  near  ground  zero,  where  the  intensity  of  gommo 
roys  from  other  sources  ii  very  high  in  ony  event,  the  contribution  of  ifKJuced  radioactivity  to  the  initial  gommo  radiation  is  small.  Cortse- 
quently,  the  radioactivity  induced  in  the  earth's  surface  by  neutrons  will  be  treoted  loter  os  on  ospect  of  the  residual  or  fallout  nuclear 
radiation. 

3.  Measurement  of  Gamma  Rodiotion 

Thermol  rodiotion  from  o  rKicteor  explosion  con  be  felt  (as  heat),  ortd  the  portion  In  the  visible  region  of  the  spectrum  con 
b«  seen.  The  human  sertses,  however,  do  not  respond  tn  nuclear  radtotiora  except  ot  very  high  intensities  (or  dose  rotes),  when  itching  ond 
tir>glir>Q  of  the  skin  ore  experienced.  Special  ir^trumentotion  methods,  based  on  the  intcroction  of  these  rodiotions  with  matter,  hove  therefore 
been  developed  for  the  detection  ond  measurement  of  various  rtuclecr  rodlotiom. 

, » 

,  .  when  gommo  rayi  po«  through  any  material,  either  solid,  liquid,  or  got,  they  Internet  with  the  otomi  In  o  number  o( 
different  wa)>t.  From  the  v'rewpolnt  of  gommo-roy  dose  measurement,  two  ultimate  consequences  of  these  Interoctioiss  ore  Imfxsrtont.  On. 
result  Is  thot  on  electron  Is  expelled  from  mony  atoms.  Because  the  electron  carries  a  rtegotive  electrlcol  chorge,  the  residuol  port  of  the 
atom  Is  positively  charged,  that  is  It  becomes  a  positive  loo.  This  process  Is  referred  to  ot  "lonliotlon,"  ond  the  leporoted  electrons  and 
positive  Ions  ore  cotled  “Ion  pain." 

The  second  consequence  of  gommo  roy  Interaction  occurs  reodlly  in  eerfoin  solids  ond  liquids,  os  well  at  In  gases.  Insteod 
of  the  electron  being  removed  completely  from  tbe  otom,  os  is  the  cose  in  Ionization,  It  acquires  on  additional  omount  of  energy.  As  o 
result,  the  otom  is  converted  Into  a  high-energy  (or  excited)  electronic  stote.  This  phenomenon  is  colled  "excitation." 

Both  Ionization  and  excitation  hove  been  used  for  the  defectlo.n  or  the  meosorement  of  gommo  roys,  os  well  os  of  other 
nuclear  rodiotions.  Normally  o  goi  will  not  conduct  electricity  to  ony  opprecioble  extent;  but  os  a  result  of  the  formotlon  of  ion  pairs, 
by  the  possoge  of  nuclear  rodiotions,  the  gos  becomes  o  reosonobly  good  conductor.  Several  types  of  Instruments,  for  exomple  the  Geiger  * 

counter  and  the  pocket  chamber  (or  dosimeter),  for  the  measurement  of  gommo  (ond  other)  rodiotions,  ore  bosed  on  the  formation  of  electri¬ 
cally  chorged  ion  pairs  In  o  gos  and  its  consequent  ability  to  conduct  electricity. 

Operation  of  a  scintillation  counter,  on  the  other  bond,  depends  upon  excitotlon.  When  on  otom  or  molecule  becomes 
electronically  excited,  if  will  generally  give  off  the  excess  energy  within  about  one  millionth  of  o  second.  Certain  moteriols,  usually  In 
the  solid  or  liquid  stote,  ore  able  to  lose  their  electronic  excitation  energy  in  the  form  of  vis'ble  floshes  of  light  or  scintillations.  These 
scintillations  con  be  counted  by  means  of  o  photomultiplier  tube  and  associated  electrical  devices. 

In  oddition  to  the  direct  effects  of  ionization  ond  excitotlon,  there  ore  indirect  consequences,  notably  chemicol  changes. 

One  example  is  the  blockening  or  fogging  of  photographic  film  which  opperos  ofter  if  is  developed. 

Although  some  special  Instruments  will  record  both  the  tofol  rodiotion  dose  ond  the  dose  rote,  most  rodiotion  measuring 
devices  are  designed  to  indicate  one  or  the  other.  However,  the  ability  to  measure  both  dose  rate  ond  total  dose  is  Important  for  the  initial 
nucleor  radiation  os  well  os  for  the  delayed  rodiotion  to  be  discussed  later. 

4.  Gemma-Ray  Dose-Distance  Relationship 

The  gommo-ray  exposure  dose  at  o  porticulor  locotion,  resulting  from  o  nucleor  explosion,  is  decreased  as  distonce  increases 
from  the  point  of  bur.t.  The  relotionship  of  the  rodiotion  dose  to  the  distonce  is  dependenIJjpon  two  factors,  onologous  to  those  which  apply 
to  thermal  rodiotion.  First  is  the  general  decreose  due  to  the  spreod  of  the  radiation  over  larger  and  larger  oreos  as  It  travels  owoy  from  the 
burst  point.  As  with  thermal  radiation,  the  dose  received  is  inversely  proportlonol  to  the  squore  of  the  distonce  from  the  explosion,  so  that 
it  is  said  to  be  governed  by  the  "Inverse  square"  low.  Second  is  on  ottenuotion  foctor  which  ollows  for  decrease  in  intensity  due  to  obsorp- 
fion  and  scoUerlng  oT  gommo  roys  by  Jhe  Inrervenir>g  ofmosphere. 

The  gommo-rodlotlon  exposure  doses  at  known  distonces  from  explosions  of  different  energy  yields  hove  been  measured  ot  o 
number  of  nucleor  test  explosions.  The  results  obtained  for  oir  bursts  ore  summarized  In  the  form  of  two  graphs:  the  first  (figure  B-48)  shows 
the  dependence  of  the  initiol  gommo-roy  dose  on  the  octool  distance  (or  slont  ronge)  from  o  l-kiloton  explosion;  the  second  (figure  B-49) 
gives  the  scoMng  factor  to  be  used  to  determine  the  dose  of  the  some  slont  distance  from  on  explosion  of  ony  specific  energy  yield  up  to  20 
megatons.  The  data  ore  based  on  the  ossumptlon  that  the  overage  density  of  the  oir  in  the  transmission  poth,  between  the  burst  point  ond  the 
torget,  is  019  of  the  normal  sea-level  density.  Because  of  voriotions  in  weopons  design  and  the  different  chorocteristics  of  the  gommo  roys 
ossociated  with  fission  and  fusion,  os  well  os  for  other  reasons,  the  gommo-roy  doses  colculoted  from  figures  B-48  and  B-49  connot  be  exoct. 

For  yields  from  about  I  to  100  kilotons  TNT  equivalent  they  are  relioble  within  a  foctor  of  obout  two;  from  100  kilofons  to  I  megoton,  within 
0  factor  of  about  5;  ond  above  I  megaton,  within  a  factor  of  obout  10. 
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inUiot  gammo-fodiotlon  <k»e  ca  a  function  of  flont  ronge  from 
bunt  for  l-kiloton  oif  bunt,  bose<!  on  0.9  *oa-ievel  oir  density 


EXPLOSION  YIELD 

Scoling  factor  for  initlol  gcmmo-rodiotion  dose 


Figure  B-49.  Explosion  Yield 
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rh.  m«Aod  ot  UMng  th«  corv«  In  figure.  B-48  ond  6-49  moy  be  illusrrofed  by  determining  from  them  the 
«.diofion  do.e  received  c,  o  di.tonce  of  1,700  yords  from  o  lOO-kiloto-t  oir  bu.t  From  figure  .H-xposu-  of 

from  o  l-kiloton  oir  bur.t  is  10  roentgens.  The  scoling  foctor  (or  100  Irilotom  ts  found  from  figure  8-48  to  be  120.  Hence,  go  y 

dose  in  the  cose  specified  it  10  x  120  =  1,200  roentgens. 

The  volues  in  figure  B-48  ore  somewhot  dependent  upon  the  density  of  the  oir  between  the  ^ 

point  on  the  ground  ot  which  the  rodiotion  i,  received.  This  is  so  becouse  the  oir  cbtorbt  jte  Z  J^  In  the  figure  ore 

ironsmistion,  the  dense  oir  neor  the  earth's  surfoce  obsorbing  more  thon  the  lets  dense  o.r  °  '  '"f"  ..  lower,  the  gamma- 

bosed  upon  on  overage  oir  density  in  the  tronsmission  poth  of  0.9  of  the  seo-level  value.  If  the  octuol  density  is  higher  or  lo  er,  9 

my  dose  will  be  decreased  or  increased,  respectively. 

It  will  bo  noted  from  figure  8-49  that,  in  the  higher  energy  range,  the  scaling  foctor  inerMses  more 

products. 

The  9omn«-roy  doses  to  be  expected  from  explosions  of  voriou,  energies  con  be  expressed  ^ 

be  eifimated  by  inferpolotion. 

Strictly  speolring,  tbe  foregoing  doto  ond  conclusion,  ore  opplicoble  only  to  oir  butsh  In  o 

of  dust  and  debris  produced  by  the  explosion  will  couse  o  reduction  in  the  9'''®" detor^^tir^T 

r-  W.  Consequrntly,  the  Le-distence  relationships  may  be  expected  to  vary  with  the  height  of  W, 

occurs  not  too  far  above  the  eorfh's  surface.  It  1,  generolly  suggested  Aot  the  initiol  ^mmo-ro^otioo  dose  from  o  ^ 

art;il"Mrr.hat  from  an  oir  burst  at  the  same  slant  distonce.  However  the  errors  Inherent  in  rtse  ovoiloble  doto,  ore  such  thot  the 
voriotlons  orising  From  the  proximity  of  the  burst  to  the  surfoce  ore  usuolly  not  sigmficont. 


Figure  8-50.  Initiol  Rodiotion  Attenuotion  Curves 
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5.  Rote  of  Delivery  of  Initial  Gommo  Roys 

Radiotlon  dos.;  calculottom  boied  on  figures  6-48  ond  B-49  involve  the  ossumprlon  tSot  rhe  exposure  losh  for  tKe  whole 
ntinute  which  wos  somewhat  orbltrorily  sef  os  the  period  in  which  the  initial  nuclear  radiation  is  emitted.  It  Is  important  to  l<now,  however, 
something  about  the  rate  ot  which  the  rodlotion  is  deliverf^d  from  the  weopon.  If  this  Information,  is  available,  It  Is  possible  to  obtain  sorne 
idea  of  the  dose  that  would  be  received  if  part  of  the  radiation  could  be  ovoided,  for  example,  by  taking  shelter  withio  o  second  or  two  of 
observing  the  lumirsoui  flash  of  the  explosion. 

The  rote  of  delivery  of  the  initial  gamro  roys  depends  upon  o  fKimber  of  circumstonces,  the  meet  significont  of  which  ore 
the  energy  yield  of  the  explosion  ond  the  distance  from  the  point  of  burst.  The  percentage  of  the  total  dose  received  up  to  various  times  for 
two  different  coses  is  shown  in  figure  B-51. 


Figure  B-51,  Initiol  Gamma  Key  Attenuation 

One  curve  represents  the  rote  of  delivery  at  o  distance  of  1,000  yards  frorn  a  20-ki!oton  oir  burst  ond  the  other  ot  2,500  yards  from  a  5-mego- 
ton  explosion.  It  is  opporent  that  in  the  former  cose  about  65%  and  in  the  latter  cosc  about  5%  of  the  total  initiol  gommo  rodiotion  dose  is 
received  during  the  first  secorsd  after  the  detonation. 

If  some  shelter  could  be  obtained  (by  foiling  prone  behind  o  substontiol  object)  within  a  second  of  observing  the  explosion 
flash;  in  certain  circumstances  it  might  moke  the  difference  between  life  ond  death.  The  curves  in  figure  B-51  show  that  for  a  weapon  of 
high  energy  the  gamma  radiation  may  be  emitted  more  slowly,  especiclly  in  the  early  stages  immediotely  following  the  explosion,  than  for 
one  of  lower  energy.  Avoidance  of  part  of  the  initial  gomma-roy  dose  would  appear  to  be  more  procticoble  for  higher  energy  bursts. 

6.  Sources  of  Neutrons  ' 

Although  neutrons  are  nuclear  particles  of  apprecioble  moss,  whereas  gamma  roys  ore  electromagnetic  waves  (analogous 
to  X-rays),  their  harmful  effects  on  the  body  are  similar  in  character.  As  with  gommo  rays,  only  very  large  doses  of  neutrons  may  be  detected 
by  the  human  senses.  Neutrons  can  penetrate  a  considerable  distonce  through  the  oir  and  constitute  o  hazord  that  is  greater  than  might  be 
expected  from  the  fact  that  they  ore  only  o  smoll  fraction  (about  0,025  to  1%)  of  the  totol  yield. 

Essentially  oil  the  neutrons  accompanying  a  nuclear  explosion  ore  released  either  in  the  fission  of  fusion  process.  All  of 
the  neutrons  from  the  letter  source  and  over  99%  of  the  fission  neutrons  ore  produced  olmost  immediotely;  probably  within  less  then  a 
millionth  of  o  second  of  the  initiation  o(  the  explosion.  These  ore  referred  to  os  the  "prompt"  neutrons. 

In  addition,  somewhot  less  than  1%  of  the  fission  neutrons,  colled  the  "delayed"  neutrons,  are  emitted  subsequently. 

Since  the  majority  of  these  "delayed"  neutrons  ore  released  within  the  first  minute,  however,  they  constitute  port  of  the  initial  nuclear  radio¬ 
tlon.  Some  rveutrons  ore  olso  produced  by  the  action  of  gamma  roys  of  high  energy  on  the  weopon  moterlolt.  These  make  a  very  mirsor  con¬ 
tribution  ond  so  con  be  Ignored. 

The  neutrons  produced  in  the  fission  process  hove  q  ronge  of  energies,  but  they  are  virtually  oil  in  the  region  of  high  energy. 
Such  high-energy  neutrons  ore  the  fast  neutrons  referred  to  previously,  their  energy  being  kinetic  in  nature.  In  the  course  of  the  scattering 
coMisiorw  between  the  fost  neutrons  and  otomic  nuclei,  there  Is  an  exchonge  of  energy  between  the  neutrons  and  nuclei.  Within  the  weapon 
itself,  where  heavy  nuclei  (e.g.,  of  uroniom)  ore  present,  some  of  the  neutrons  lose  energy  os  a  result  of  inelostic  scattering;  the  arwrpy 
removed  being  emitted  in  the  form  of  gamma  radiation. 
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In  orhcr  cofllslom,  tt  a  simple  *fcnifer  of  kinetic  energy  from  the  fcrtf  neutron  to  tKc  struck  r>ucleus;  these  ore  colled 

‘*eloitic  collisions"  ond  ore  not  eccomponied  by  gomr.io  rodiotlon.  Become  of  the  voriety  of  collisions  which  occur  with  different  nuclei,  the 
neutrons  leoving  the  region  of  the  explosion  hove  speeds  {or  energies)  covering  o  wide  ronge;  from  fost,  through  intermediate,  to  slow. 

The  neutrorw  of  slowest  speed  ore  often  colled  "thermal  neutrons"  becouse  they  ore  in  thermol  (or  terrperoture)  equilibrium  with  th«»ir  surround¬ 
ings. 

The  occurrence  of  on  equilibrium  spectrum  is  related  to  o  combinotion  of  circumsfonces  which  orise  during  passage  of  the 
fseutrons  through  the  air.  The  loss  of  the  slower  neutrons  by  capture  (by  nitrogen  nuclei)  is  just  compensated  by  the  slowing  down  of  fast 
neutrons.  Consequently,  the  p»‘oportion  (or  fraction)  of  f\cutrons  present  *n  any  porficular  energy  ronge  oppears  to  be  essentiolly  constont 
at  all  distonces  of  interest.  The  totol  number  of  neutrons,  however,  received  per  unit  orco  ot  o  given  location  is  less  the  fo'^ther  that  point 

is  from  the  explosion;  because,  in  addition  to  being  spreod  ovci  a  lorge  oreo,  some  of  the  neutrons  ore  removed  by  capture, 

E.  Preo'iction  of  Follout  Rodiotion 

1.  Introduction 

It  is  convenier\f  to  consider  the  follout  In  hwo  parts— eofly  and  deloyed.  Early  follout  is  defined  os  thot  which  reaches 
the  ground  during  the  first  twenty-four  hours  following  a  nuclear  explosion.  It  is  the  eorly  follout  from  surface,  subsurfoce^or  low  oir  bursts 
that  is  copoble  of  producing  rodiooctive  contominotlon  over  lorge  creos  with  on  intertsity  greet  enough  to  represent  on  immediotc  biologicol 
hazard.  Deloyed  follout,  which  Is  that  arriving  after  the  first  day,  consists  of  very  fine  porticles  which  settle  in  concentrotions  over  a 
considerobte  portion  of  the  earth's  surface.  In  loter  stages,  this  delayed  follout  is  referred  to  os  "world-wrde"  fallout,  Becouse  of  radio- 
octive  decoy  during  the  relatively  long  tirr>e  which  the  porticles  ore  suspended  in  the  otmosphere  ond  the  lorge  oreos  which  it  is  spread  over, 
the  deloyed  fallout  poses  r>o  imrnedlate  biological  hozord  oltheogh  it  rrxsy  be  o  long-term  hozord. 

In  the  cose  of  an  air  burst,  particularly  when  the  fireball  is  well  obove  the  eorth'i  surface,  o  fairly  shorp  distlnciton  con 

be  mode  between  the  initlol  cuicleor  rodiotion,  considered  previously,  ond  the  residual  rodiotion.  The  reason  is  thot,  by  the  end  of  a  minute, 

essentiolly  all  of  the  weapon  residues  will  have  risen  to  such  a  height  thot  the  nocleor  rodlotions  no  longer  reoch  the  ground  in  significant 
omounts.  Subsequently,  these  fine  particles  ore  widely  dispersed  tn  the  atmosphere  and  descend  to  eorth  very  slowly. 

In  the  case  of  surface,  especially  subsurface  explosions,  the  demorcotion  between  initial  ond  residuol  rodiotion  is  not  os 
definite,  Some  of  the  rodlotions  from  the  weopoo  rctldups  will  bo  wlrt>In  ronge  of  the  eorth*i  wrfoce  ol  oil  fimei,  lo  thot  the  Initlol  ond 
residual  cotegories  merge,  for  very  deep  underground  and  underwoter  bursts  the  initlol  gamma  roys  ond  neutrons  produced  In  the  fission 
process  may  be  ignored  since  they  ore  obsorbed  by  the  surrounding  medium.  The  residuol  rodiotions,  from  fission  products  ond  from  rodio¬ 
octive  species  produced  by  neutron  Interoction,  ore  then  the  only  kinds  of  rsucleor  rodiotions  thot  need  be  corrsidered.  In  the  cose  of  o 
lurfoce  burst,  bo*h  inltlul  and  residual  hucltar  rodiotions  must  be  token  Into  account. 

2.  Distribution  of  Early  Fallout 

There  ore  two  mein  woys  in  which  the  earth's  surfoce  con  become  contominoted  with  rodiooctive  moteriol.  One  is  by 
induced  activity  following  the  copture  of  neutrons  by  various  elements  present  in  the  soil  (or  seo);  ond  the  other  is  by  follout,  that  Is,  by  the 
descent  of  rodiooctive  particles  from  the  cc'jmn  orKi  the  resulting  cloud.  The  omount  of  contamlnotlon  ond  its  distribution  over  the  earth's 
surface  are  principolly  dependent  upon  the  ersergy  yield,  height  of  burst,  nature  of  the  surfoce  over  (or  on)  which  the  detonolioo  occurs,  ond 
the  meteorologicol  conditlom. 

An  air  burst,  by  definition,  is  one  taking  place  at  such  o  height  obove  the  eorth  thot  no  opprecioble  quantities  of  surface 
materials  ore  token  up  into  the  fireboM.  The  radioactive  residues  of  the  weopon  then  condense  into  extremely  smoll  porticles  which  remain 
suspended  in  the  atmosphere  for  a  lor>g  time.  Hence,  except  under  spectol  meteorologicol  conditions,  there  will  be  no  eorly  (or  locol) 
fallout.  However,  depending  on  the  characteristics  of  the  weapon,  the  height  of  burst,  and  the  noture  of  the  surfoce  there  will  be  more  or 
lews  contominotion  in  the  generol  vicinity  of  ground  zero  os  a  result  of  rodlooctlvity  induced  by  neutron  capture.  The  contamination  which 
might  orise  in  this  monner  is  variable;  but  It  is  probable  that,  apart  from  strong  underground  structures,  the  oreo  would  be  completely  deves- 
foted  by  blost  and  fire. 

As  the  height  of  the  horsf  decreoses,  ond  soil  and  debris  from  the  eorth's  surfoce  ore  token  up  into  the  fireboll  on  in- 
yeosing  proF^rtion  of  the  fission  products  condense  into  porticles  of  opprecioble  size.  These  contominoted  particles  ronge  in  diameter  from 
less  than  I  micron  to  several  n.illimeters;  the  larger  ones  begin  to  foil  bock  to  eorth  even  before  the  rodiooctive  cloud  hos  ottoined  its  maxi¬ 
mum  height,  whereos  the  smallest  ones  remain  suspended  in  the  atmosphere  for  o  long  time. 

The  proportion  of  the  total  rodiooctivlty  of  the  weopon  residues  thot  is  present  in  the  eorly  follout^  sometimes  colled  the 
"early  fallout  fraction,"  appears  to  vary  from  test  to  test.  For  land  surface  bursts  the  eorly  follout  froction  has  been  estimated  to  range 
from  50  to  70%.  Volues  somewhat  higher  then  this  ore  expected  from  shollow  underground  bursts,  whereas  for  wafer  surface  bunts  the  volue 
is  lower,  in  the  neighborhood  of  OOSi.  It  will  be  assumed  here  that  60%  of  the  totol  rodiooctivlty  of  o  lond  surfoce  burst  will  be  In  the 
early  fallout. 

The  spotiol  distribution  within  the  cloud  Is  not  known  occurotcly.  It  is  generally  accepted  that  the  mushroom  head  from  o 
land  surface  burst  contains  obouf  90'’o  of  the  total  rodloccflvlty  ond  the  remoining  I0%i$  in  the  stem.  The  highest  concentroflon  of  radio¬ 
activity  initially  lies  in  the  lower  third  of  the  mushroom  head.  To  give  some  idea  of  the  volues  involved,  the  figures  B-52  and  B-53  show 
average  values  of  stabilized  cloud  heights  and  times  of  porticle  foil,  respectively. 

3.  Activity  ond  Decay  of  Early  Follout 

Tl.c-  early  follout  consists  mainly,  but  not  entirely,  of  fission  products.  An  indicotion  of  the  manner  in  which  the  dose  rote 
of  the  octuol  mixture  decreoses  with  time  may  be  obtoined  from  the  following  opproximotc  rule:  for  every  seven-fold  increase  in  time  ofter 
the  explosion,  the  dose  rote  decreased  by  o  factor  of  ten.  For  exomple,  if  the  rodiotion  dose  rote  of  I  hour  after  the  explosion  is  token  os 
the  reference  point,  then  at  7  hours  after  the  explosion  the  dose  rote  will  hove  decrcoscd  to  one-tenth;  at  7  x  7  =  49  hours  (or  roughly  two 
days)  it  will  be  one-hundredth;  ond  ot  7  x  7  x  7  =  343  hours  (roughly  two  weeks)  if  will  be  one-thousondth  of  that  ot  I  hour  ofter  the  burst. 
Another  aspect  of  this  rule  is  that  at  the  end  of  I  week  (7  days),  the  rodiotion  dose  will  be  one-tenth  the  value  ofter  I  doy.  This  rule  is 
within  25%  occurocy  up  to  2  weeks  ond  within  o  factor  of  two  op  to  rou^Iy  6  months  ofter  the  burst. 


lnfo:^.;on  concrnins  ,t,.  d.cr«„e  of  do.,  ror.  oo  fh«  «,ly  foll^.  coo  (j.  obrolned  fro^  .b.  conrino^  I". 

figuMM  B-M  ond  B-55;  in  which  thg  rofio  of  the  opproximole  e*po.ur»  do.*  tote  (m  f/hr)  o*  eny  time  a  tef  o  .xp  oeion  °  °  ^ 

! XITnce  v^Joe  colUd  the  "onit-,in,o  .ef.rence  do,.  i,  plotted  ceoim,  tin,.  ;  hou.  The  -  “"’P" 

fie,  the  r.pre«mtoficn  of  th.  result,  ond  the  colculotiom  bo«d  on  them,  ore  .llu.troted  by  f.9ur«  8-5^  ond  B  55. 


Figure  B-53.  Tim.  of  Fall  of  Particle,  and  Percentoge 
Of  Totol  Activity  Corried 
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Figure  B-54.  Dependence  of  Dose  Rote  vs  Time  After  Explosion 

Suppose,  for  example,  that  at  a  given  location  the  follout  commences  et  5  hours  ofter  the  explosion  and  that  at  15  hcuis, 
when  the  fallout  hos  ceosed  to  descend,  the  observed  dose  rate  is  4.0  roentgens  per  hour.  From  the  curve  in  figure  6-54  it  is  seen  tha*  at 
IS  hours  the  ratio  of  the  actuol  dose  rote  to  the  reference  value  is  0.040;  hence,  the  unit-time  reference  dose  rote  must  be  4.0/0.040=100 
roentgens  per  hour.  By  mean3  of  this  reference  value  and  the  decoy  curves,  it  is  possible  to  estimote  the  actuol  dose  rote  at  ony  time  after 
the  fallout  is  complete.  Thus,  if  the  volue  at  24  hours  ofter  the  explosion  is  needed,  figure  B-54  is  entered  ot  the  24  hours  point.  Move 
up  until  the  plotted  line  is  reoched  ond  reod  the  ratio  of  dose  rote  to  reference  dose  rote  of  0.023.  The  required  dose  is  then  0.023x100=2.3 
ro«ntgem  per  hour. 

If  the  dose  rate  is  known  ot  ony  time  by  actual  meosurement,  the  value  ot  ony  other  time  con  be  estimated.  All  thot  is 
necessory  is  to  compare  the  ratios  (to  the  unit-time  reference  dose  rote)  for  the  two  given  times  os  obtoined  from  figures  B-54  and  B-55.  For 
exomple,  suppose  the  dose  rate  at  3  hours  ofter  the  explosion  is  found  to  be  50  r/hr;  whot  would  be  the  volue  at  18  hours?  The  respective 
rotios  are  0.23  ond  0.033  respectively.  Hence,  the  dose  rote  ot  18  hours  is  50x0.033/0.2:^7.2  roentgens  per  hour. 

It  should  be  noted  that  the  figures  ore  to  be  used  to  obtain  dose  rotes.  In  order  to  determine  the  actual  or  total  radiotion 
dose  received  it  is  necessary  to  multiply  the  overage  dose  rote  by  the  exposure  time.  However,  since  the  dose  rote  is  steodily  decreosing 
during  the  cxpo5urCy  appropriate  allowance  must  be  mode. 

The  rodiaflon  dose  rote  and  dose  cor>  be  colcufoled  by  expressing  the  curves  in  figures  B-54  and  B-55,  in  equotion  form. 

If  the  exponent  of  1.2  Is  used  the  equations  ere  valid  up  to  about  6  months  os  con  be  seen  from  figure  B-55. 

Radiation  Intensity  (dose  rote)  at  ony  time  t  is: 


where: 


R|  =  unit-time  reference  dose  rote 
t  =  time  after  the  detonotlon  in  hours 
n  =  Kaufmen  exponent  assumeo’  to  be  1.2  (up  to  6  months) 
=  intensity  (dose  rote)  ot  time  t. 
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0.4  hours 

200  r/hr 

1.5  hr 

260  f/hr 

0.6  hours 

250  rAr 

2.0  hr 

,  185  rAr 

O.Bhours 

325  rAr 

2.5  hr 

141  r/hr 

1,0  hours 

260  rAr 

3.0  hr 

11.4  t/hr 

(1)  when  has  oil  the  follout  orrived?  •  ■ 

(2)  What  IS  the  unit-time  reference  dose? 

(3)  If  you  were  in  this  radiation  field  frorr»  time  t|  =  2  hours  to  t2  =  3  hours,  what  dose  would  you  receive? 

The  solution  Is:  the  fallout  has  oil  arrived  at  time  t  =  1.5  hours.  Note  thot  for  the  portion  of  the  curve  between  I  hour  and  1.5  hours  the 

curve  Is  flat  indicoting  that  the  fallout  was  arriving  ot  the  same  rote  as  the  rote  of  decoy  of  the  previous  follout.  ' 

(b)  R|  =  R^"-^  =  R2  ^^(2)'-^=l85{2)''^  =  425  r/hr  ; 

(c)  D  =  5R,  =  5(425)  (2*°-^-3"°'^)  =  5(425)  (0.871-0.803)  =  144.5  roentgens 

To  consider  the  problem  of  target  oreos  with  large  population  concentrotions  nearby,  it  is  necessary  to  subdivide  the  early 
fallout  into  two  ports:  close-in  fallout  ond  downwind  fallout.  This  is  necessory  because  the  usuol  methods  of  obtaining  fallout  patterns  are  ^ 

not  volid  within  20  to  40  miles  of  the  target.  To  consider  this  region  close  to  the  target  we  must  use  on  approach  known  as  "close-in  fallout  ' 

prediction."  , 

For  a  more  complete  background  in  this  areo  refer  td'The  Effects  of  Nucleor  Weapons"  published  by  the  U.  S.  Atomic 
Energy  Commission.  For  our  purposes  here  we  will  outline  methods  of  prediction  ot  follout  but  will  ossume  the  reader  has  some  knowledge  I 

of  the  effects  of  nuclear  weapons.  ■ 

4.  Prediction  of  Close-In  Follout 

Here,  an  attempt  has  been  made  to  determine  the  unit-time  reference  dose  rotes  to  be  used  close  to  ground  zero.  The 
available  fallout  data  does  not  provide  values  which  are  useable  within  20  to  40  miles  of  ground  zero.  The  Idealized  fallout  patterns  do  not 
take  inta  account  the  contribution  from  radioactive  porticles  in  the  stem.  With  the  aid  of  figures  B-52  and  B-53,  and  an  extension  of  the 
idealized  fallout  pottern  dose  rote,  curvet  in  figure  B-57  have  been  obtained.  The  dose  rates  moy  appear  to  be  quite  large.  However,  the 
values  coincide  closely  with  calculations  made  by  J.  E.  McDonold  In  his  ortlcle  In  the  Journal  of  the  Arizona  Academy  of  Science,  Vol.  2, 

(1962). 

The  width  of  contamination  in  close-in  follout  is  approximately  the  radius  of  the  radioactive  stem  from  figure  B-58,  plus  > 

a  distarKe  factor  of  0.10  times  the  distance  In  miles  downwind.  This  type  of  approximation  Is  good  only  to  obout  40  miles  downwind, 

5.  Prediction  of  Downwind  Fallout 

Severol  methods  have  been  developed  for  predicting  dose  rotes  ond  totol  doses  resulting  from  fallout.  The  four  generol 
categories  are:  the  mathematical  fallout  model,  the  idealized  fallout  pattern,  the  danger  sector  forecost,  ond  the  onolog  method.  Eoch  of 
these  techniques  requires,  of  course,  a  knowledge  of  the  total  yield  and  amount  of  fission  in  the  explosion,  the  burst  height,  the  windstructure 
to  the  top  of  the  rodioactive  cloud  in  the  vicinity  of  the  burst. 

The  method  we  will  use  to  predict  downwind  fallout  is  the  method  of  ideolized  fdllout  potterns.  These  potterns  represent 
the  average  fallout  field  for  a  given  yield  and  wind  condition.  No  attempt  is  mode  to  indicate  irregulorities  which  will  undoubtedly  occur 
in  a  real  fallout  pattern,  because  the  conditions  determining  such  Irregulorities  are  highly  vorlable  ond  uncertain.  In  spite  of  their  limita¬ 
tions,  idealized  fallout  patterns  are  useful  for  planning  purposes,  for  exomple  in  estimating  the  overall  effect  of  fallout  from  a  large-scale 
nuclear  ottock.  Although  It  will  undoubtedly  underestimate  the  fallout  in  some  locations  and  overestimote  in  others,  the  evaluation  of  the 
gross  fallout  problem  over  the  whole  area  affected  should  not  be  greotly  in  error. 

For  detailed  fallout  prediction,  the  winds  from  the  surfoce  to  all  levels  in  the  radioactive  cloud  most  be  considered. 

However,  for  the  idealized  patterns,  the  actual  complex  wind  system  is  replaced  by  an  approximately  equivalent  "effective  wind."  This 

is  token  os  o  mean  value  of  the  wind  speed  and  direction  from  the  surface  to  some  representotive  height  In  the  cloud.  The  level  chosen 

generally  lies  between  the  bottom  and  the  center  of  the  mushroom  head,  where  the  epneentrotion  of  radioactivity  Is  believed  to  be  a  maxi- 

mum.  '  ' 

By  ossuming  little  or  no  wind  shear,  thot  is,  essentially  no  change  in  wind  direction  at  variorjs  altitudes,  the  idealized 
fallout  patterns  hove  a  regular  cigar-like  shape.  But  if  the  wind  direction  changes  with  altitude,  the  fallout  will  spread  over  o  wider  ongle 
and  the  rodlatlon  level  at  a  given  distance  from  ground  zero  will  be  decreased  because  the  some  amount  of  radioactive  materiel  will  be  spread 
over  0  larger  area.  Lower  wind  speeds  will  make  the  pattern  shorter  in  the  downwind  direction;  this  will  decrease  the  level  of  radiation  ot 
some  distance  from  the  burst  and  will  increase  the  dose  rotes  Immediately  downwind  of  ground  zero.  If  the  wind  speed  is  higher,  the  con-' 
taminoted  area  will  be  greater,  and  the  radioactivity  will  be  higher  ot  lorge  distances  from  ground  zero  and  lower  immediately  downwind  of 
ground  zero. 

Before  considering  an  idealized  fallout  pattern,  it  is  important  to  understand  how  such  a  pattern  develops  over  a  lorge  i 

areo  during  o  period  of  several  hours  following  a  l-megaton  fission-yield  surfoce  burst.  This  may  be  illustrated  in  the  diagrams  of  figures  ' 

B-59  ond  B-60.  The  effective  wind  speed  is  token  as  15  miles  per  hour.  Figure  B-59  shows  a  number  of  contours  (or  "isodose-rate"  lines)  ! 

for  certain  (arbitrary)  round-number  values  of  the  dose  rote,  os  would  be  observed  on  the  ground,  at  I,  6,  and  18  hours,  ofter  the  burst.  ' 

A  series  of  total  (or  accumulated)  dose  contours  (or  "isodose"  lines)  for  the  same  times  ere  given  In  figure  B-60.  It 
should  be  understood,  of  course,  that  the  various  dose  rates  ond  doses  chonge  groduolly  from  the  orea  one  contour  to  the  next.  Similarly 
the  lost  contour  line  shown  does  not  represent  the  limit  of  the  contominotion.  The  dose  rote  (and,  therefore,  the  dose)  will  continue  to 
be  present,  at  a  diminished  volue,  over  a  greater  distance.  The  render  should  also  beet  in  mind  that  this  is  an  ideolized  pattern;  and  that 
'  hot  spots"  or  oreos  of  high  radiation  levels  form,  os  drifts  of  dust  forming.  The  pattern  will  often  be  a  "dog-leg"  shape  rather  than  a  more  ' 

regular  cigor-like  shape.  '  ’ 
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Figure  B-57.  Close-In  Dose  Rafe  Curves 

Turning  to  figure  B-59,  it  is  seen  that  the  total  radiation  dose  received  at  the  glv^  location  by  1  hour  after  the  explosiors 
is  small,  because  the  fallout  has  only  just  begun  to  arrive.  By  6  hours,  the  iotal  dose  hos  reached  over  9000  roentgens  ond  by  18  hours  a 
total  dose  of  some  4800  roentgens  will  have  been  accumulated.  Subsequently,  the  total  dose  will  continue  to  increase,  toword  the  value  ot 
time  Infinity,  but  at  a  slower  rote.  (See  olso  figure  B-60) 

Next,  consider  <n  point  lOO  miles  downwind  from  •ground  zero.  At  I  hour  after  the  explosion  the  dose  rate,  os  Indicoted  In 
figure  B-59,  is  zero,  since  the  follout  will  not  have  reached  the  specified  location.  At  6  hours,  the  dose  rote  Is  about  I  roentgen  per  hour; 
at  18  hours  abo<jt  5  roentgens  per  hour.  The  fallout  commences  at  somewhat  less  then  6  hours  ofter  the  detonation  ond  It  is  essentially  com¬ 
plete  at  9  hours,  although  this  cannot  be  determined  directly  from  the  contours  given.  The  total  accumulated  dose,  from  figure  B-60  Is  seen 
to  be  zero  at  1  hour  after  the  explosion,  less  than  I  roentgen  at  6  hours,  and  about  80  roentgens  ot  18  hours.  The  total  (Infinity)  dose  will 
rvot  be  os  great  as  at  locations  closer  to  ground  zero,  because  the  quantity  of  fission  products  roochir>g  the  ground  decreoses  with  distance 
from  ground  zero. 

In  general,  therefore,  at  any  given  locotion,  at  a  distance  from  o  surface  burst,  some  time  will  elapse  between  the  explo¬ 
sion  and  the  arrival  of  the  fallout.  This  time  will  depend  on  the  distance  from  ground  zero  and  the  effective  wind  velocity.  When  the 
follout  begins  to  arrive,  the  dose  rote  will  be  small,  but  will  increose  as  more  ond  more  fallout  descends.  After  the  fallout  Is  complete, 
radiooctive  decay  of  the  fission  products  will  cause  o  steady  decrease  in  the  dose  rote. 

The  idcoiized  unit-time  reference  dose-rote  contours  for  o  I  megaton  fission-yield  surface  burst,  with  on  effective  wind 
speed  of  15  miles  per  hour,  ore  represented  in  figure  B-51.  This  figure  is  bosed  portly  on  test  ob«ervations  ond  portly  on  calculations.  The 
maximum  downwind  distances  and  widths  of  the  contours  for  various  dose  rotes,  down  to  0.1  roentgen  per  hour,  ore  recorded  In  the  following 
table.  No  attempt  is  made  here  to  express  the  upwind  fallout  pattern;  this  will  be  treated  later. 


B-51 


MILES 


150  f-  V) 

UJ 


120 

N 

no  .Q 

100  -  I 


m 


LU 

60 -o 

z 

50-i< 

w 

40-5 


20  20  10 


10  20  20  10 


I  HOUR 


DISTANCE  FROM  GROUND  ZERO  (MILES) 

6  HOURS  18  HOURS 


Figure  B-60.  Time  Reference  Dose  Rote  Potfern  From  1  Megoton  Surface  Buret 
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Figure  B-61.  Extended  Time  Reference  Dose  Rote  Pattern 


U  should  be  understood  that  the  Idealized  dose  rotes  and  total  dose  calculations  made  from  figure  B-61  would  be  those 
Indicated  by  monitor  Instruments  in  open  country  with  no  shielding.  Any  type  of  shelter  or  shielding  would  decrease  the  dose  received. 


Downwind  Extent  of  Unit-Time  Reference  Dose-Rote  Contours 
For  l-Megoton  Fission  Surface  Burst  With  IS  MPH  Wind. 


Reference  dose  rote 

Downwind  distance 

Maximum  width 

(roentgens/hour) 

(stotute  miles) 
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6.  Scaling  Fallout  Patterns 

In  order  to  obtain  the  idealized  fallout  pattern  fora  fission  yield  of  F  megotons,  the  values  of  the  various  contour  lines 
in  figure  B-61  may  be  multiplied  by  F.  Thus,  for  a  weapon  having  a  total  yield  of  M  megotons  with  50%  of  the  energy  derived  from  fission, 
the  factor  would  be  0.5  M.  This  scaling  procedure  works  well  .for  surface  bursts  from  about  100  kllotons  to  10  megatons  fission  yield. 
However,  the  higher  values  of  dose  rate  (and  dose)  may  be  overestimated  for  fission  yields  In  excess  of  I  megaton.  As  the  weapon  yield 
increases  so  also  does  the  initial  volume  of  the  radioactive  cloud;  therefore,  the  maximum  concentration  of  activity  in  the  cloud  does  not 
change  at  the  same  rate  os  the  yield.  At  greater  distances  downwind  thd.law  is  more  relioble  because,  as  o  result  of  spreading  by  the  wind, 
the  Initial  cloud  volume  has  relatively  little  influence  on  the  concentration  of  fallout  on  the  ground. 

It  should  be  noted  that  the  proportional  scaling  procedure  mokes  no  allowance  for  the  effect  of  the  total  (fission  plus 
fusion)  yield;  thus  it  predicts  the  some  fallout  pattern  for  a  l-megaton  all  fission  detonation  os  for  a  2-megaton  50%  fission  explosion. 
Actually  the  unit-time  reference  dose  rate  near  ground  zero  might  be  somewhat  smaller  in  the  latter  cose  because  the  same  amount  of 
radiooctivity  is  spread  over  a  larger  volume  of  the  initial  cloud.  At  greater  distonces  downwind  from  the  burst  point  the  effect  of  the  initial 
cloud  concentration  is  small,  os  indicated  cbove.  Furthermore,  ot  such  locations  the  dilution  effect  may  be  compensated  for  by  the  foct 
that  the  cloud  from  the  2-megaton  explosion  will  probably  rise  higher;  thus  increasing  the  distances  at  which  particles,  from  the  some  relo- 
tive  position  in  the  cloud,  reach  the  ground. 

The  "effective  wind"  speed  and  direction  ore  the  mean  values  from  the  ground  up  tp  a  certain  level  in  the  rodioactive 
cloud,  depending  on  the  total  yield  of  the  explosion.  As  a  very  rough  estimate,  the  atmosphere  Igyers  over  which  the  wind  is  to  be 
averaged  as  a  function  of  the  weapon  yield  are:  i  ,  ■ 

.'  ■* 

Totol  yield  ,  Loyer 

Less  than  I  MT  Surface  to  40,000  feet 

I  MT  to  5  MT  Surface  to  60,000  feet 

More  than  5  MT  Surfoce  to  80,000  feet  .. 

These  values  should  be  adequate  for  the  rough  evaluation  of  hypothetical  fallout  sltuotlons  bosed  on  the  idealized 
patterns.  More  elaborate  prediction  schemes  take  into  consideration  winds  at  different  levels  instead  of  a  single  average  effective  wind. 

if  there  is  no  directional  wind  shear,  then  doubling  the  wind  speed  would  cause  the  particles  of  a  given  size  to  reach  the 
ground  at  twice  the  distance  from  ground  zero,  so  that  they  should  be  spread  over  roughly  twice  the  area.  Based  orl  this  conclusion,  the 
following  scaling  laws  may  be  used  in  connection  with  the  idealized  fallout  pattern:  the  unit-time  reference  dose-rate  value  for  each  con¬ 
tour  in  the  15  mph  wind  velocity  pattern  of  figure  B-61  is  multiplied  by  15/v,  where  v  is  the  octual  effective  wind  velocity  in  miles  per  hour; 
and  the  downwind  distances  in  figure  B-61  are  multiplied  by  v/15.  For  a  30  mph  wind,  for  example,  the  contour  values  would  be  halved  and 
the  distances  doubled. 

It  will  be  apparent  that  in  scaling  for  either  yield  or  wind  speed  the  values  of  the  dose-rate  contours  are  changed.  The 
scaled  downwind  extent  for  any  given  contour  value  may  be  readily  obtained  by  plotting  tf.e  scoird  dose  rates  versus  the  scaled  downwind 
distances  on  logarithmic  graph  paper  and  reading  downwind  distances  corresponding  to  the  desired  contour  value  from  the  resulting  smooth 
curve;  see  figure  B-62. 

7.  Upwind  Fallout  from  Megaton-Range  Explosion 

A  technique  for  predicting  the  ideol  fallout  contours  in  the  upwind  and  crosswind  directions  has  been  developed  from  data 
obtained  in  connection  with  tests  of  devices  in  the  megaton  range  at  the  Eniwetok  Proving  Grounds.  The  treatment  is  based  on  the  expec¬ 
tation  that  the  upwind  extent  of  fallout  will  depend  primarily  on  three  foctors:  the  maximum  upwind  extent  of  the  rodiooctive  cloud  ■  the 
minimum  time  required  for  particles  from  the  upwind  edge  of  the  cloud  to  reach  the  ground,  and  the  mean  effective  wind  from  the  grwnd  up 
to  the  altitude  of  the  broadest  part  of  the  cloud. 

Observations  at  Eniwetok  have  indicated  that,  for  megaton-range  detonations,  the  broadest  base  of  the  cloud  is  generally 
stabilized  at  almost  the  oititude  of  the  tropopause  which  was  about  55,000  feet  in  the  test  area.  The  mean  arrival  time  on  the  ground  for 
upwind  fallout  was  found  to  be  about  30  minutes.  In  the  continentol  United  States,  the  height  of  the  tropopause  is  less  and  the  estimated 
arrival  time  wauld  be  24  minutes.  Hence,  while  falling  particles  from  the  upwind  edge  of  the  cloud  would  be  carried  downwind  back  to¬ 
ward  ground  zero  a  distance  (In  miles)  equal  to  0.4  times  the  wind  speed  in  the  United  States. 
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CX3WNWIND  DISTANCE  FROM  GROUND  ZERO  (MILES) 


,  Figure  B-62.  Dewriwind  DiiHbotloo 

The  some  reasoning  may  be  applied  to  specific- dose-rote  contours.  It  may  be  assumed  that  if  there  were  no  wind  the 
contours  would  be  circles  centered  at  ground  zero.  The  radius  of  each  contour  would  then  be  determined  only  by  the  totol  yield  ond  the 
fission  percentage.,  Presumably,  the  radius  of  o  contour  would  not  be  effected  by  the  wind,  but  the  center  of  the  circles  would  be  dis¬ 
placed  in  the  downwind  direction  by  the  same  distance  the  particles  ore  Corrled  downwind  from  the  edge  of  the  cloud. 

From  the  available  data  on  upwind  and  crosswind  fallout  in  tests  made  at  Eniwetok,  contours  for  unit-time  reference  dose 
rates  of  I,  10,  and  100  roentgens  per  hour  have  been  derived^  These  hove  been  odjusted  to  zero  wind  speed  and  the  rodii  of  the  correspond¬ 
ing  circles  ore  shown  in  figure  B-63,  as  a  function  of  the  total  yield  of  the  surface  burst,  ossuming  50%  fission.  If  the  fission  percentoge  Is 
different  from  this  value,  then  the  indicated  dose  rotes  should  be  multiplied  by  the  rotio  of  the  actual  fission  percentoge  to  50%.  Figure 
B-63  olso  gives  the  radius  for  a  peak  blast  overpressure  of  7  psi,  representing  the  orea  of  almost  totol  destruction.  The  dimensions  of  the 
visible  cloud  at  10  minutes  after  the  explosion  are  also  given  (being  the  overage  time  ot  which  the  cloud  becomes  stoblllzed). 

To  convert  these  results  into  the  idealized  contours  for  on  actual  situotion.  It  Is  necessory  to  know  the  effective  wind 
speed  and  direction.  In  view  of  the  uncertainty  of  the  height  of  tfie  cloud  base,  it  Is  recommended  that  the  speeds  for  altitudes  of  both 
40,000  and  60,000  feet  be  considered  and  the  lesser  be  token  fer  the  present  purpose.  The  wind  direction  should  also  be  thot  for  40,000 
feet.  Multiplication  of  the  mean  wind  speed  by  0.4  would  then  give  the  displacement  from  ground  zero  of  the  centers  of  the  circular  con¬ 
tours  In  the  downwind  direction.  Mean  wind  speeds  and  expected  direction  of  foil  of  porticles,  for  various  elevations,  con  be  obtained 
from  UF  (Uppor-oir  Follout)  wind  date  reported  regularly  by  the  U.  S.  Weather  Bureau. 

For  purposes  of  illustration,  consider  a  10  megaton  surface  burst,  with  a  50%  fission  yield.  Suppose  that  the  meon  wind 
from  the  surface  to  40,000  feet  is  25  mph  and  its  downwind  direction  is  30o  eost  of  north,  ond  that  the  mean  wind  speed  to  60,000  feet  is 
20  mph.  Hence,  the  effective  wind  speed  to  be  used  in  constructing  the  upwind  pattern  is  20  mph,  with  a  direction  of  30o  eost  of  north. 

The  displacement  of  the  center  of  the  contour  circles  is  thus  0.4  x  20  =  8  miles,  in  the  downwind  direction. 
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< sc  PERCENT  FISSION! 


Figure  B-63.  Radii  for  Unif-Time  Dose  Rafes  from  Eorly  Fotlouf 
os  Function  of  Total  Yield  Surface  Burst 
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Figure  B-64,  Illustrotion  of  Colculotiori  of  Upwind  Eorly 
Fallout  Potterr. 

From  figure  B-63  the  radii  of  the  unit-time  reference  dose-rote  contours  far  o  10  megoloo  burst  ore: 

I  roentgen/  :  21  miles  '  ,>  ■  ‘ 

10  roentgen/hour  :  16.5  miles 

loo  roentgen/hour  :  II  miles 

Semi-circles  ore  now  drown  having  these  radii  with  the  center  point  8  miles  downwind  of  ground  zero,  os  shown  in  figure  B-64.  Any 
contour,  far  example  the  one  far  100  roentgens/hour,  possing  through  the  circle  of  severe  blast  domoge  (7  psi  overpressure!,  which  hos  a 
radios  of  about  5  miles  in  the  present  cose,  may  be  regarded  os  uncertain.  The  area  within  this  blast  domoge  circle  may  be  expected  to  be 
heavily  contaminated  by  induced  activity,  stem  fallout,  and  throw-out,  regordless  of  the  wind  speed. 

8.  Tucson  Sample  Problem;  _ 

Close-In  Fallout:  If  the  assumed  attack  level  is  10  MT  on  each  of  the  Titan  II  sites  and  on  assumed  fission  yield  of  50% 
then  we  must  choose  an  effective  wlhd  speed  and  direction.  A  likely  condition  would  be  if  the  three  sites  9,  10,  ond  II  were  depositing 
close-in  fallout  on  the  center  of  the  city  ond  the  wind  speed  were  20  mph.  We  will  toke  eoch  site  separately  and  cdd  them  up. 


Site  9 

Site  10 

Site  II 

Distance  from  City 

^  miles  (SW) 

28  miles  (SW) 

iO  miles  (SW) 

Stem  Diometer 

7.4 

7.4 

7.4 

Dist.  Factor 

3.6 

2.8 

2.0 

l/IO  (D) 

Width  of  Fallout 

II. 0  miles 

10.2  miles 

9.4  miles 

Unit  Time  Dose  Rote 

■  1600  r/hr/MT 

3000  r/hr/MT 

5000  r/hr/MT 

Dose  Rate  for  5  MT  Fission  Yield 

8000  r/hr 

1500  rAr 

25000  r/hr 

Total 

48,000  r/hr  over 

the  city. 
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Of  course  this  doei  not  toke  info  oceounf  any  interocfion  effects  ond  it  moy  not  be  t^e  worst  conditir^.  It  it  pasible 
consider  the  interoction  of  Sites  5,  8,  II,  13,  15,  ond  18  (with  on  oftock  pottnm  of  two  10  megaton  explosions  ot  each  si. e)  ond  orr.veo 
radiofiort  level  of  200,000  r/hr. 
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Figure  B-65.  Thermol  Pulie  Amplitude  ond  tXrotion 

■i' 

F.  Prediction  of  Thermal  Rodlotloo 

1,  Introduction 

A  nuclear  detonation  releoses  o  relatively  large  froction  of  its  energy  content  in  the  forrn  of  ihermolrodlotion.  There^ 
for  this  large  thermol  release  is  the  extren«ly  high  t«np.rotur*.  proArced  when  the  large  ^y  erected  (!0'5  cn  orj«  of  ^ 
is  released  in  a  froction  of  a  microsecond.  These  high  temperatures  of  the  order  tens  of  millions  of  degrees  then  Iwd  to  o  9*’ 
energy  loss  to  the  surrounding  to  the  surrounding  air.  Initially,  the  high  temperoture  of  the  bomb 

to  which  the  oir  is  opoqoe.  Thus  the  rodioled  energy  in  turn  heats  the  oir  until  its  temperoture  inches  obout  o  million  degrees  resulting 
in  the  formation  of  a  plosmo.  The  plosmo  is  tronparent  to  rodiotion  ond  rodiotes  to  the  surroundings. 

2,  Thermal  Pulse  ’  . 

Releose  of  energy  in  the  form  of  plosmo  resuth  in  the  first  thermol  energy  pulse  observed  in  otmospf^ric  explos^lore.  About 
10%  of  the  total  radiant  energy  is  releosed  in  this  pulse.  It  is  terminoted  within  o  few  rnicro^conds  by  the  ^motion  of 

which  heats  the  surrounding  oir,  making  the  air  relatively  opoque  which  shields  the  fireball  frorn  rts  surrourrdings.  Ae  .h«fc  e^^, 

it  weakens,  and  heats  the  air  less  ond  less.  The  shock  front  then  becomes  more  tronsporent  resulting  in  on  increase  in  the  rote  of  mission 
of  radlont  energy  os  the  fireball  shine-through.  Eventually  the  energies  of  the  fireboll  dlssipote  with  the  rodiont  energy  releose,  dropping 
to  zero.  A  plot  of  thermal  rodiotion  venus  tlrre  is  shown  in  figure  B-65(  i  ). 

The  first  pulse  is  short  becouse  it  originates  in  o  smoll  rodioting  sphere.  The  energy  releosed  is  less  thors  ^  f  ^ 

totol  explosion  energy.  The  second  pulse  lasts  longer  and  comes  from  a  larger  spherlcol  source  ond  occounts  for  one-third  of  the  totol  yiefo. 
If  the  burst  occurs  ot  the  surface,  the  injection  of  dirt  into  the  fireboll  mokes  it  more  opoque,  resulting  in  o  decrease  in  the  rodiont  portion 
of  the  yield  by  something  more  than  a  factor  of  two. 

The  effects  of  the  atmosphere  modify  the  energy  reoching  o  distont  observer  rother  morkedly.  The  rodioting  fireboll  is 
Initially  ot  o  very  high  temperature,  emitting  energy  prlmorlly  in  the  ultrovlolet  and  soft  x-roy  range.  The  oir  will  p«s  energy  only  in 
the  visible  range.  The  oir  thus  screens  the  observer  until  the  fireboll  cools  to  5000  K  where  its  emission  foils  mainly  in  the  visible  ronge. 
Thus  the  effect  of  the  oir  is  to  deloy  the  finol  radiant  power  output  until  the  shock  is  well  expended. 

The  energy  emitted  os  visible  light  is  subject  to  some  scotterlng  ond  obsorption.  Thus  the  rodiont  energy  reaching  o  point 
is  dependent  not  only  on  the  yield  (W)  and  the  distance,  but  on  the  visibility  or  tronsmlttonce  of  the  air.  An  opproximote  formulo  for 
cotcularing  thermal  energy  intensity  is:  ^  _  WT/D^ 

i  Q  is  thermol  energy  intensity  in  col/ cm^, 
where,  W  Is  >ield  in  kilofons 

I  D  is  distonce  in  miles,  on/ 

T  Is  the  tronsmittonce. 


A  curve  of  tronsmlttonce  versus  distance  is  given  below: 


(  i  ifirodeV  Harold  L.,  "Thermal  Radiation  from  Nudeor  Explosions,"  The  Rond  Corporotion,  paper  P-2745,  August  1964. 
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ENGINEERING  ANALYSIS  AND  DESIGN  ’  ' 

A.  Introduction 

.'iin  ; 

when  design  to  resist  blast  and  other  close-in  nuclear  weapons  effects  is  considered,  it  is  only  Idgicol  to  realize  that  simultoneaosly 
large  amounts  of  initial  radiation  and  fallout  may  be  inevitable  realities.  It  is  this  combination  of  effects  which  moke  buried  structures 
most  feasible.  The  shielding  required  to  meet  the  radiation  requirements  and  the  structurol  strength  required  to  meet  blast  requirements 
both  point  to  these  forms  of  structures  as  desiroble  ond  economicol.  As  o  result,  it  is  fitting  that  information  on  the  design  of  protective 
construction  should  include  the  analysis  and  design  of  buried  structures. 

Little  experience  is  available  on  this  subject,  but  this  fact  is  not  o  sufficient  cause  to  avoid  the  application  of  judgement  ond  engineer¬ 
ing  Intuition  to  develop  practical  solutions.  The  economies  available  in  such  structures  force  englrwers  to  develop  conservotive  procedures 
for  design;  at  the  same  time  test  data  and  research  feed  the  store  of  knowledge  necessary  to  refine  the  designs. 

B.  Soil-Structure  Interaction  Forces 

1.  Definition 

Soil-Structure  interaction  forces  are  those  forces  which  act  at  the  interface  between  o  buried  structure  and  the  surrounding  soil 
medium.  These  are  generally  considered  to  be  normal  pressures,  but  shearing  forces  also  exist  at  this  interfocial  junction. 

2.  Distinction  between  types  of  forces 

Normal  forces  are  pressures  which  act  normal  to  the  Interfocial  surface  and  are  generally  in  the  same  order  of  magnitude  os  the 
surface  overpressures  in  the  air  medium  above  the  ground  surface.  Shearing  forces  are  those  forces  which  ore  tangential  to  the  interfocial 
surface  and  generally  are  in  the  some  order  of  magnitude  as  the  respective  shearing  forces  in  the  soil  under  these  conditions.  In  general, 
the  normal  forces  produce  the  greater  effect  or  response  in  the  structure  and,  because  of  this,  we  will  limit  our  discussion  to  the  action  of 
structures  under  this  Interaction  component  only, 

C.  Effective  Sol  I -Structure  Interaction  Pressures 

1.  Definition  '  ; 

The  effective  soil -structure  interaction  pressure  is  defined  as  that  normal  pressure  distribution  which  at  a  given  instant  will  proAtce 
a  static  free-field  deformation  in  the  structure  equal  to  the  deformation  of  the  structure  in  the  soil  medium  ot  that  some  instant.  It  follows 
then,  if  we  eon  neglect  the  shearing  components  of  interaction  forces,  that  the  moments  and  stresses  under  this  effective  pressure  will  equol 
those  in  the  confined  structure  at  the  same  instont.  •  ' 

2.  Dependent  variables  ■' 

Effective  soil -structure  interaction  pressures  depend  upon  the  characteristics  and  homogeneity  of  the  soil,  the  noture  of  the  loading, 
and  the  stiffness  and  geometry  of  the  buried  structure,  in  relationship  to  the  surrounding  soil. 

0.  Types  of  Buried  Structures 

Because  the  type  of  buried  structure  has  so  much  to  do  with  the  nature  of  buildup  or  attenuotion  of  the  passing  overpressure,  it  is  oppro- 
priate  to  consider  these  types  in  some  detail.  The  three  basic  types,  into  which  categories  most  buried  structures  foil,  are  the  rigid,  rigid- 
flexible,  and  flexible  types.  See  figure  C-I. 

1.  Rigid  buried  structures  . 

Rigid  buried  structures  are  those  buried  structures  which  by  definition  undergo  negligible  deformation  upon  loading.  As  a  result  of 
their  rigidity,  they  have  certain  pecularities  of  interaction  behavior  which  will  be  discussed  in  more  detail  later. 

2.  Rigid-flexible  buried  structures 

A  rigid-flexible  structure  is  one  which  be  definition  exhibits  rigid  characteristics  until  some  point  in  the  rising  loading  cycle;  at 
this  point  it  yields  or  flexes  in  such  a  manner  so  as  to  reduce  its  volume  or  alter  its  shape  considerably. 

3.  Flexible  buried  structures 

Flexible  buried  structures  are  those  structures  which  by  definition  exhibit  yielding  or  other  noticeable  structural  deformation 
Immediotely  at  the  first  sign  of  an  overload.  They  continue  this  yielding  or  reduction  in  volume  behavior  throughout  the  rising  loading  cycle. 

E.  Settlement  ratios 

To  understand  the  nature  of  soil -structure  interaction  phenomena,  it  is  appropriate  to  consider  three  basic  types  of  settlement  ratios. 

These  arc  positive,  negative,  and  zero  ratios. 

1.  The  positive  settlement  ratio 

o.  Definition 

The  positive  settlement  ratio  by  definition  is  associated  with  the  change  in  geometry  of  the  soil  moss  surrounding  a  buried 
structure  such  that  the  structure  feels  a  vertical  lood  In  excess  of  the  resultant  of  the  dead  and  live  loads  immediately  overhead. 
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Figure  C-l.  Typei  of  Burled  Structures 

b.  Visual  description 

The  corrcept  of  positive  settlement  ratio  may  be  described  visually  by  the  idealized  drawing  In  figure  C-2.  It  will  be  observed 
that  the  soil  moss  surrounding  the  structure  deflects  more  than  the  vertical  column  of  soil  In  which  the  structure  Is  contained.  As  a  result  of 
this  Idealized  geometrical  discontinuity,  vertical  shearing  forces  ore  produced  which  add  to  the  lood  that  Is  nofmolly  experienced.  The 
effective  soIUstructure  interaction  pressure  for  this  situation  is  then  larger  than  that  existing  In  an  undisturbed  soil  at  this  same  depth.  To 
be  sure,  this  sudden  discontinuity  does  not  usually  exist  and  more  corbeling  action  may  be  observed,  however  the  overall  effect  is  the  same. 

c.  Systems  conducive  to  positive  settlement  ratios 

Systems  which  produce  positive  settlement  ratios  are  generally  those  which  contain  rigid  structures.  These  rigid  structures  In" 
creose  the  overall  stiffness  of  the  vertical  column  of  soil  in  which  they  ore  contained.  A  simplified  version  of  this  result  Is  shown  In  figure 
C-3.  If  we  assume  a  stress-strain  relationship  such  as  Hooke's  Law  to  be  valid,  the  left  column  of  soil  will  deflect  an  amount  A  L|  , 
where  AL|  =  .  The  column  of  soil  which  contains  the  rigid  structure  will  deflect  on  amount,  AL2=  ^  ,  where  D  is  the 

height  of  the  "E”  rigid  structure.  These  two  displacements  differ  by  an  amount,  Pp.  The  first  is  alwoys  E  greater  than  the 
second,  all  other  things  being  equal.  The  magnitude  of  this  difference  to  some  extent  E  determines  the  amount  to  which  the  pressure 
reaching  the  structure  is  increased  by  this  geometrical  action. 

2.  The  negative  settlement  raHo 

a.  Definition 

The  negative  settlement  ratio  by  definition  is  associoted  with  the  change  in  geometry  of  the  soil  mass  surrounding  a  burled 
structure  such  that  the  structure  feels  o  verticol  load  which  is  less  than  the  resultant  of  the  dead  and  live  loads  immediately  overhead. 

b.  Visual  description 

The  negative  settlement  ratio  is  shown  visually  in  figure  C-4.  It  will  be  observed  that  the  soil  moss  surrounding  the  structure 
deflects  loss  than  the  vortical  column  of  soil  in  which  the  structure  Is  contained.  As  a  result  of  this  Idealized  geometrical  discontinuity, 
vertical  shearing  forces  are  produced  which  subtract  from  the  load  thot  Is  normolly  experienced.  The  effective  soil-structure  Interaction 
pressure  for  this  situation  is  then  smaller  than  that  existing  in  an  undisturbed  soil  at  the  same  depth.  As  before,  the  sudden  discontinuity 
does  not  exist  and  in  reality  soil  arching  takes  piece  but  the  overall  effect  is  the  some. 
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Figure  C-2.  Idealized  Positive  Settiement  Ratio 
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c.  System?  conducive  to  negative  settlement  rotlos 

Systems  which  produce  negative  settlement  ratios  are  generally  those  which  contain  flexible  structures.  These  flexible 
structures  reduce  the  overall  stiffness  of  the  vertical  column  of  soil  In  which  they  are  contoined.  A  simplified  version  of  this  result  Is 
shown  In  figure  C-5.  If  the  same  linear  stress-strain  relationship  is  ossumed  os  that  previously,  the  left  column  of  soil  will  deflect  on 
amount  4  L|  =  PI-  ,  as  before.  The  column  of  soil  on  the  right,  which  contoins  the  flexible  structures,  will  deflect  an  omount 

A  U  =  P(L-D)  +  ad.  If  A  D  is  greater  than  then  A  L2  will  be  greater  than  AL|.  A  D  will  always  be  greater  thon  f^if 

the  structure  is  more  flexible  than  the  soil  mass  it  replaces.  Flexible  structures  by  definition  are  not  os  stiff  as  surrounding  soil;  therefore, 
they  olways  produce  negotive  settlement  ratios. 

3.  Zero  settlement  ratio  * 

a.  Definition  '  .  ’  *  • 

A  zero  settlement  ratio  is  defined  as  being  associated  with  thot  condition  which  exists  when  the  surrounding  soil  mass  and  the 
soil  column  containing  the  structure  deflect  equal  amounts.  Under  such  conditions,  the  effective  soil  structure  interaction  pressure  is  equal 
to  that  existing  in  an  undisturbed  soil  medium  at  the  same  point.  Figure  C-6  shows  such  o  condition. 

/  t 

b.  Systems  conducive  to  zero  settlement  ratios 

These  systems  are  thae  in  which  the  soil  and  structure  possess  equal  stiffnesses.  Certain  types  of  rigid,  rigid-flexible,  and 
flexible  structures  may  at  some  point  in  their  loading  cycle  exhibit  this  behavior,  in  general,  such  <ituatlons  rarely  happen  throughout  the 
entire  loading  cycle. 

F.  Sol  I -structure  interactions 

I.  Rigid  fully-buried  structures 

Rigid  fully-buried  structures  generally  produce  positive  settlement  rotio  conditions  ond,  as  o  result,  should  be  designed  for 
pressures  in  excess  of  those  existing  at  similar  points  in  undisturbed  soils.  By  definition,  o  rigid  structure  is  one  which  undergoes  negligible 
deformation  on  looding.  According  to  the  AFDM  definition,  a  fully-buried  structure  is  one  which  is  buried  sufficiently  so  that  transient 
effects  of  shock  wove  loodings  may  be  neglected.  Figure  C-l  shows  o  typical  rigid  buried  structure.  This  arch,  if  corresponding  to  the 
fully-buried  definition,  can  only  undergo  uniform  compressive  stress  by  virtue  of  its  uniform  pressure  loadings.  The  only  bending  that  can 
develop  is  due  to  the  change  in  curvoture  ossociated  with  the  uniform  change  in  radius  that  results  from  this  idealized  loading. 

Qualitative  ospects  of  the  behavior  of  this  structure  under  a  troveling  pressure  wave  are  shown  in  figure  C-7.  At  initial  contact 
of  the  wavefront  with  the  structure,  non-uniform  pressures  are  developed.  These  pressures  deform  the  cylinder  immediately  with  the  result 
that  passive  earth  pressures  develop  on  the  sides  ot  right  ongies  to  the  wavefront.  Very  ropidly,  the  situation  degenerates  or  stabilizes 
into  that  shown  in  the  later  diagrams.  Once  the  pressure  is  uniform,  it  then  starts  to  decoy  in  a  manner  somewhat  proportional  to  the  de¬ 
coying  surface  wave.  , 
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Figure  C-5,  Negative  Settlement  Ratio 


Figure  C-6.  Zero  Settlement  Rotio 
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Figure  C-7,  A  Struchire  Under  A  Troveling  Pressure  Wave 


2.  Flexible  burled  structures 

Flexible  burled  structures  exhibit  the  opposite  behavior  to  rigid  structures.  Yielding  begins  almost  Instantly  with  the  sign  of 
overpressure  and  continues  until  such  has  been  relieved,  A  typical  flexible  structure  is  shown  in  figure  C-l,  These  structures  contain 
yielding  tension  membrones  os  the  roof  and  floor.  Such  structures  will  produce  negative  settlement  rotios  which  rapidly  attenuate  blast 
overpressures.  * 

3.  Rigid-flexible  buried  structures 

As  the  name  Implies,  a  rigid-flexible  buried  structure  exhibits  the  qualities  of  each  type  during  its  loading  cycle.  As  might  be 
expected,  positive  settlement  ratios  immediately  followed  by  negative  ratios  may  develop.  A  typical  rigid-flexible  structure  is  shown  in 
figure  C-l.  Another  type  of  populor  rigid-flexible  structure  is  the  steel  culvert  which  is  actually  ambidextrous  in  that  It  may  exhibit  rigid, 
flexible,  or  rigid-flexible  behavior  depending  on  the  nature  of  loading,  type  of  backfill  procedure,  etc.  Generally,  however,  it  is  quite 
rigid  until  either  large  elastic  deformations  or  buckling  takes  over.  Either  of  these  lotter  effects  ore  those  of  a  flexible  nature.  Figure 
C-8  shows  stable  elastic  yield  of  this  structure.  Figure  C-9  shows  unstoble  yield. 

4.  Summary  of  effects 

The  various  types  of  structures,  because  of  their  vorious  octions,  feel  different  transmitted  pressure  waves.  These  waves,  in  their 
different  forms,  may  be  seen  in  figure  C-IO.  Notice  the  Immediate  odvantoges  of  the  rigid-flexible  and  flexible  types. 

G.  Ano  lysis  features 

Quantitative  predictions  of  soil-structure  interaction  (oods  ore  most  difficult.  Here  we  have  a  statically  indeterminate  structural 
problem  of  the  wont  type.  Very  little  quantitative  information,  of  ony  kind,  is  avaijable  to  substantiate  reliable  magnitude  predictions. 
There  is  o  porticularly  intense  need  for  more  theoretical  and  experimental  data  on  the  soil-structure  interoctlon  phenomenon.  The  recent 
soil-structure  interoction  symposium  at  the  University  of  Arizona  wos  designed  to  review  the  current  state  of  the  art  In  this  regard.* 

H.  Design  features 

The  ultimate  In  structural  analysis  Is  to  find  an  answer,  such  os  stress  and  displacement,  given  a  structure,  its  supports  ond  its  loads. 
Obviously,  for  most  physical  systems  there  is  generally  but  one  answer.  The  onolyst  hopes  to  either  find  this  onswer  exactly  or  else  deter- 


*SoiI-Stnjcture  Interaction  Symposium  held  at  the  University  of  Arizona,  June  8-11,  1964,  in  Tucson,  Arizona. 


Figure  C-9.  Unstable  Yield  of  Culvert 


Figure  C**IO.  Pressure  Woves  on  Structures 

A  quoUtative  understanding  of  the  general  physicol  behovlor  of  on  underground  structure,  os  we  hove  just  coruidered,  is  not 
sufficient  for  analysis.  However,  such  on  understanding  is  sufficient  for  design.  Becouse  so  little  is  known  about  the  quantitative  behavior 
of  underground  structures,  as  compared  with  those  above-ground,  we  unovoidably  find  that  our  designs  ore  conservative.  This  is  not  altogether 
bad,  however,  becouse  the  source  of  conservatism  is  generally  found  in  the  supporting  strength  offered  by  the  soil.  For  regions  in  which  blost 
overpressures  are  considered,  close-in  fallout  ond  initial  radiation  will  olmostossurcdly  be  such  thot  quite  o  bit  of  moss  will  be  required  for 
adequate  shielding.  There  is  no  more  economical  mass  for  shielding  then  earth  ond  therefore,  in  such  regions,  burled  structures  make  sense 
from  the  fallout  ond  radiation  standpoint,  as  well  os  from  the  blost  reslstonce  standpoint. 

I.  Lvjsign  of  fully-buried  structures 

I.  General 


The  design  of  a  fully-buried  structure,  os  the  design  of  any  structure,  depends  upon  mony  foctors,  both  quantitative  and  qualitative. 
Many  decisions  which  are  based  on  preliminary  informotion  must  be  mode  before  ony  actual  structural  design  con  even  be  commenced.  Among 
these  decisions  ond  respective  preliminory  information  upon  which  they  depend  ore  the  following: 


a.  Overpressures 

The  magnitude  of  peak  overpressures  that  may  be  produced  ot  the  point  In  question  due  to  o  near  nuclear  burst  most  be  estimated. 
This,  of  course,  is  dependent  upon  many  factors  such  as  magnitude  of  weapons,  (ocotion  of  bursts,  type  of  burst,  terrain  effects,  etc.  Port  A 
of  the  oppendix  discusses  this  subject  in  more  detail. 


b.  Duration  of  positive  phose  of  loading  function 

The  duration  of  positive  phase  of  the  possing  pressure  wove  moy  be  important,  if  the  dynamics  of  the  system  are  considered. 
Also  associated  with  this,  is  the  rise  time  for  the  respective  looding.  In  generol,  the  negative  phase  is  unimportant  for  a  buried  structure. 


c.  Ground  ’^otions 


Predictions  for  the  respective  ground  motions  ond  peak  occelcrations  must  be  determined.  As  for  the  cose  of  overpressures, 
these  depend  upon  weapon  size,  location,  type  ond  nature  of  burst.  In  oddition  to  this,  properties  of  the  soil  medium  ploy  o  most  important 
part.  Both  direct  ground  shock  ond  air-induced  ground  shock  are  important,  however,  oir-induced  ground  shock  covers  a  wider  range  of 
applicotion.  Port  B  of  the  oppendix  discusses  this  subject  in  more  detail.  Motions  of  the  buried  shelter  ore  assumed  to  be  the  same  as  those 
of  the  surrounding  soil. 

d.  Shielding  requirements 

The  depth  of  soil  cover  greotly  affects  the  shielding  characteristics  and  resulting  protection  factors  of  the  enclosed  space.  The 
protection  factors  which  must  be  developed,  are  bosed  on  initiol  rodiotioo,  eorly  fallout,  and  delayed  follout  predictions.  Shelter  stay  times 
are  also  closely  related  to  these  factors.  Five  feet  of  earth  is  osuolly  sufficient  to  resist  most  close-in  follout  effects. 
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e.  Probability  of  sorvivol 


The  relotive  importance  of  the  structure  ond  the  volidity  of  the  looding  predictions  govern  the  detcrminotion  of  the  desired 
probobility  of  survival  requirement.  This  requirement  effects  the  selection  of  structurol  type,  be  it  rigid,  flexible,  or  rigid-flexible. 

f.  Functiofxjl  uses 

The  function  determines  the  required  size  or  spoce  os  well  os  certain  ospects  of  the  shope.  Required  stoy  times  also  effect 
space  requirements  because  of  associated  supply  storage  quantities. 

The  octivities  of  the  personnel  and  equipment  moy  olso  impose  certain  conditions  upon  the  selectio'^  and  design  of  the 

structure. 

2.  Se  lection  of  the  structural  form 

a.  The  various  structurol  forms  which  hove  o  copocity  for  resisting  overpressures  should  be  considered  in  light  of  the  mognitudes 
of  the  peok  overpressure  and  duration  of  the  positive  phase.  Some  of  the  odvontoges  ond  disodvontcges  of  the  various  forms  follow: 

(1)  Rigid  concrete  structures 

These  structures  hove  an  odvontoge  of  lock  of  deformotlon  on  loading  ond  lifetime  permanence  with  respect  to  corfosion  , 
etc.  Unfort  jnotely,  however,  in  regions  of  high  overpressure,  they  moy  exhibit  spoiling  chorocteristlcs  ond  possible  brittle  foilures. 

(2)  Rigid-flexible  metal  structures 

These  structures,  such  os  the  steel  culvert,  hove  o  degree  of  toughness  to  overlood  ond  shock  which  mokes  their  use  in 
regions  of  high  overpressure  very  desirable.  They  fend  to  deform  excessively  under  overloads,  however,  ond  odequote  ollowance  for  this 
possibility  must  be  made.  Also,  they  may  be  subject  to  corrosive  oction  from  woter.  Unpredictable  stobllity  problems  may  develop  which 
require  corv.ervative  design.  Functiorwl  planning  of  space  olso  creotes  unique  problems,  unless,  of  course,  mobility  copocity  is  desiroble. 

(3)  Rigid-flexible  concrete  structures 

These  structures  goln  their  flexibility  by  etfhe;  etoiflc  or  Inelastic  oction.  Such  structures  ore  susceptible  to  crocking 
and  spollinc  and,  therefore,  their  use  should  be  questioned  in  regions  of  high  overpressure, They  ore  rclotively  simple  to  form,  however, 
and  may  find  extensive  use  In  situations  where  such  crackirsg  arxJ  spalling  is  unimportant  to  the  desired  function. 

( '•)  Flexible  metal  structures 

Structural  forms  which  ore  flexible  and  stoble  ond  which  goin  their  flexibility  by  uniform  yielding  ore  most  desirable 
forms  for  use  in  regions  of  high  overpressure  ond  ground  shock.  By  virtue  of  their  negotive  settlement  rotio  behovior,  they  hove  on  excellent 
copocity  to  obsorb  lorge  overloods.  They  moy  be  subject  to  corrosive  oction,  however,  ond  olso  the  chonge  in  volume  of  the  structure  due 
to  yielding  moy  be  significant  enough  to  render  these  shopes  undesiroble.  Proper  corsceptlon  of  these  structures  con  eliminote  oil  possibility 
ofbocklif>g. 

3.  Design  of  fully-buried  structures 


The  design  of  these  structures  is  well  presented  in  the  Air  Force  Design  Monuol  and  os  o  result,  this  informotion  will  not 
be  repeoted  here.  The  reader  is  referred  to  this  source  for  specific  information  on  recommended  design  procedures  for  this  type  of  structure. 


Domes  may  be  designed  by  the  same  general  procedure  os  cylinders.  A  fully-buried  dome  will  "feel"  o  uniform  pressure  ond 
os  the  result  of  this  will  carry  most  of  this  locd  by  direct  stress.  The  membrane  theory  of  shells  should  be  used  for  the  design  of  these  stn^ctures, 
however,  a  minimum  of  about  0.4%  of  steel  should  be  used  in  eoch  direction.  Buckling  in  doubly-curved  shells  is  not  nearly  os  likely  os  in 
the  cylindrical  types.  In  general,  buckling  need  not  be  considered  os  long  os  the  loods  ore  uniformly  distributed.  Boundary  conditions  for 
domes  con  be  quite  serious,  however,  end  because  of  this  speciol  considerations  must  be  mode  ot  these  points.  Consider  the  elliptical  dome. 
The  -ellipse  may  be  used,  in  this  case,  to  eliminate  hoop  tension  ot  the  boundary.  The  shape  has  o  rotio  of  mojor  to  minor  oxis  of 

which  brings  obout  this  zero  stress  condition  under  uniform  pressure.  The  added  functionolity  offered  by  th-  fast  rise  from  the  spring  line _ 

enables  the  people  to  stond  close  to  the  woll. 


In  generol,  domes  ore  superior  to  cylinders  os  structures,  but  they  do  not  lend  themselves  functionally  to  any  sort  of  fram- 
por-stion  networh.  They,  like  cylinders,  ore  rigid  and  thus  produce  positive  settlement  rotio  effects.  To  offset  these  effects,  domes  naturally 
guice  the  soil  into  on  orching  behovior,  but  this  requires  foundotion  yielding  or  o  similar  effect  to  produce  the  oppropriote  negative  settlement. 
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J.  Flexible  Mefribronei 
I.  Generol 

Flexible  buried  structures,  because  of  yielding  characteristics  which  produce  negotive  settlement  ro*ios,  offer  the  ultimate  in 
ecorsomy  becouse  of  the  way  in  which  they  force  the  soil  to  resist  the  overload.  The  most  efficient  flexible  ‘tructure  is  that  which  simul- 
toneously  yields  under  constant  stress  ot  every  point  in  its  plane.  The  behavior  of  such  o  structure  may  be  p.edictcd  in  advonce  by  on  in¬ 
verse  solution  to  the  differential  equations  for  stress  in  shell  structures  under  normol  pressure  loodings. 

The  introduction  of  this  opproach  to  design  was  mode  by  H.  P.Horrenstien  ot  the  symposium  on  Shell  Reseorch,  Delft,  The 
Netherlands,  August  30,  1961.  The  applicotion  at  that  time  was  directed  foword  the  "Configurotion  of  Shell  Structures  for  Optimum  Stress. " 
BosicoHy,  the  approach  involves  the  initio!  assignment  of  o  givers  Rnol  stress  stote,  such  os  that  of  constont  stress.  The  search  is  then  made 
for  the  shell  structure  which  exhibits  this  fin3!  state  of  stress  under  o  previously  ossigned  normal  pressure  tooding.  For  the  situation  at  bond, 
Q  uniform  yield  stress  moy  be  ossumed  under  3  blast  p^’essure  loading.  The  configuration  of  this  yielding  membrone  under  this  blast  pressure 
loading  is  then  the  desired  result. 

For  on  example  of  the  structural  ef  iciency  of  o  system  such  os  this,  consider  the  following  design  comparisons, 

2.  Membrone  Anolysis  of  o  Thin  Plote 

For  o  comporisof^  consider  the  som  spon  cs  that  of  o  previously  designed  flot  slob. 


■I’ 

i 

I 


I 


j 


f 
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5. 


Numerico!  Solution  to  Membrone  Equations,  Axially  Symmetrical  case: 

dz  d^z 

w  3r2 


The  finite  difference  method  of  approximation  may  be  used  to  define  the  differentiol  equation  in  tc;*ms  of  a  discrete  number  of 
finite  displacements.  This  is  occomplished  by  opproximatir>g  the  slope  of  o  curve  ot  o  point  in  terms  of  the  deflection  of  thot  particulor  point 
and  of  the  surrounding  points.  For  on  axially  symmetrica!  cose,  a  generalized  curve  corresponding  to  the  meridicn  may  be  considered. 


For  point  0,  three  seporote  different  finite  difference  opproximotioos  con  be  mode  for  the  first  derlvotive. 
The  approximations  ore; 


Forward  difference: 

-1  ^ 

N 

1 

N 

0 

Centrol  difference: 

dz  1  =  ^1  -  *_| 

df  J  0 

Ar 

o 

— , 

i 

] 


i 

I 

'a 
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Backward  difference: 


1  i  iii. 
37  J  o  =  Ar 


In  this  case,  the  cpproximotion  of  the  firs^  derivative  as  the  central  difference  will  be  used 
The  second  derivative  can  be  found  in  the  following  way* 


^1  -  "-I 
2  Ar 


'3r2"  o  "Hr  \  "Srj  dr  J  I  "dr”  J  o  ujing  the  forward  dtfference,  then  using  the  backward  difference 
for  dz  1  and  Az  "]  the  expression  becomes:  d2,  1  - - - 2  - - -  »|  -  2  z^  +  z.| 

^J|  ■srjo  4r  ^ -  =--lAr')?— 

This  particular  combination  of  differences  is  used  to  keep  the  number  of  odditionol  unknowns  that  ore  involved  to  o  minimum.  Other 
expressions  for  derivatives  could  be  developed  in  a  similar  manner  if  needed. 

Using  the  developed  expressions,  the  equation  of  the  axially  symmetrical  case  con  be  written  entirely  in  terms  of  discrete  dis- 
plocements,  (Z.). 

'  7 

^1  -  ^-1  +  ^1  -  ^  ^-1  =  :^  r  I  +  ^  1 

2r^&r  (Ar)2p  ^  ''  \  ^  /  -I 

To  use  this  equation,  a  starting  point  on  the  axis  of  symmetry  must  be  ossumed.  Successive  calculations  from  the  obove  equation  can 
then  be  mode  for  each  new  unknown  displacement. 

t-  Two-Dimensional  Cose 

The  general  equation  for  the  two-dimensional  case  in  cartesian  coordinates  is: 

a^z  ,  1/2 


■t  ^  »  -P3  r  1 

rTTTf  T  I  \w) 


'•(It)  '•(I7)  WJ 

For  this  cose  the  finite  difference  expressions  con  be  written  for  o  surface  In  a  manner  similar  to  that  used  in  the  previous  oneodimenstonol 
case.  y 

— rn — r— r-n  “ 

iL  '(7)  *£  !  j  i 

-  . * . t-— - 

. ; . I.  1 

i  !  '  ,  i/?. 

-  •I-  -I-  -  i  -  i  •  t . i----* 


Since  the  general  equation  is  written  using  partial  derivatives,  with  respect  to  x  and  y,  the  respective  derivatives  in  these  Individual 
directions  must  be  considered  separately.  For  example,  consider  the  curves  formed  at  the  intersection  of  the  surfoce  with  planes  parallel 
to  the  x-z  and  y-z  planes  respectively  which  pass  thro-gh  point  0.  The  resulting  curves  ore  then  similor  to  the  one^dimensional  cose  and 
the  portiol  derivatives  in  this  direction  con  therefore  be  written  in  the  some  way,  thot  is: 

2 

dz  ^  Z^  -  z^^  -  a  Z  ^  Ze  -  2zo  +  Zw 

2  \  I  d  »  <!  xp 

az  S  -  "n  9^"  ^-2zo  ^  z„ 


These  opproximations  con  now  be  put  Into  the  general  equation. 


^e  " 


-  2zo  - 


_ ''I  ,  _ ^^2^ 

, . 

If  the  slopes  are  small,  the  general  equation  can  be  linearized  by  setting: 


then  the  resulting  equation  is;  z 


.^2 _ _  =  -'’o  r  I  W"'  -  "w\  .  /s  -  ^n\  1 

\~~r)  J 

jorized  by  setting:  =0  {  ~  0 

J  '  yTy  j 


^  which  is  the  Poisson  equation. 
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The  same  finite  difference  approoch  can  be  used  for  this  Poisson  equotion  resoitlng  in  the  following  expression. 


^  ^ 


^  =  2*0  ^  ^  =  -  Po 


For  a  uniform  grid,  ^  2  “  ^  equation  can  be  simplified  fo:  ^  "  ^^o  '■*  ^o^ 

7.  Application 

The  finite  difference  equations  developed  earlier  moy  be  programmed  for  solution ono  digital  computer.  If  such  on  approach 
is  used,  date  sufficient  for  development  of  design  curves  may  be  generoted.  Such  doto  ore  presented  os  curves  in  figures  C-ll  through 
C-17.  Explanation  on  the  use  of  these  curves  follows: 
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Figure  C-M.  Circular  Membrone 

(I)  Figure  C-ll  presents  load-strain  relationships  for  circulor  membranes  under  uniform  pressure.  Consider  the  cose  of  the 
design  of  a  flat  circular  steel  membrane  of  30  ft  span  for  on‘ overpressure  of  50  psi.  Let  us  ossume  that  the  product  of  the  yield  stress  and 
thickness  is  10,000  lb  per  in.  os  before.  Compute  the  following: 

PO  ^  (50)(30)(I2)  ^  ,  p. 

^  T 

pp  d- 

For  this  value  of  the  parameter  such  a  membrane  will  deflect  an  omount  — p-  =  0. 113  If  it  Is  soft  aluminum  and 

0.121  if  it  is  mild  steel.  For  these  values,  the  strains  are  0.027  and  0.028  respectively.  At  o  yield  stress  of  40,000  psi,  the  thickness 
of  the  steel  would  be  1/4  in.  Soft  aluminum,  at  a  yield  stress  of  20,000  psi  would  hove  to  be  1/2  in.  thick. 

An  approach  which  is  somewhat  more  reolistic  is  to  assign  o  value  of  limiting  strain  ond  then  find  the  required  membrane 
thickness.  For  exomple,  if  we  assume  5%  strain  (a  reosonoble  value  for  mild  steel),  we  con  enter  figure  C-ll  at  the  5%  strain  level 
and  read  a  corresponding  value  of  2.05  for  pD  .  If  p  =  50  psi  ond  D  =  30  ft  os  before,  then:  2.05  =  (50)(30)(I2)  ,  from  which 

S  ^  8770  lb  per  in.  T”  5 

If  fy  -  40,000  psi,  then  t  =  8770  =  0.219  in.  Thus,  we  see  that  a  0.219  in.  thick  mild  steel  circular  membrone 
will  support  a  pressure  of  50  psi  at  a  dc  40,(30O  ratio  of  0.137.  At  10%  stroin,  this  same  membrane  will  support  o  static  over¬ 
pressure  corresponding  to  pD=2. 7.  IT  This  value  yields  an  overpressure  of:  (2.7){8770) 

T  P** 


(2)  Figure  C-12  is  the  some  os  figure  C-M,  except  thot  it  is  only  for  rigid-plostlc  moteriols  such  as  steel. 

Figure  C-13  is  similar  to  figure  C-12,  only  for  o  square  membrane. 

Figure  C-14  presents  design  curves  for  square  yielding  steel  membranes  in  which  the  yield  stress  is  ossumed  to  be  36,000  psi. 
Notice  the  vorlation  in  thickness  and  strains. 

■  t 

Figure  C-15  is  similar  to  figure  C-13,  only  for  o  rectongulor  membrane  of  length  equal  to  1-1/2  times  its  width. 

Figure  C-16  is  the  some  as  figure  C-15,  only  for  a  rectangle  whose  length  is  twice  Its  width. 
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Figure  C-l7  ij  fhe  same  os  figure  C-15,  only  for  o  rectangle  whose  length  is  three  times  its  width. 

The  design  curves  presented  may  be  used  with  canfidence  provided  that  proper  boundory  support  Is  Included.  Continuous 
membranes  have  the  advantage  of  reducing  the  reol  boundary  problems  to  thbse  oround  the  periphery  of  'the  structufe  only.  The  maximum 
boundary  force  thot  can  develop  is  equal  to  the  value  of  S  for  the  porticulor  membrane  in  question.  In  general,  it  will  octOally  be  smolle^ 
thon  this  value  because  of  the  fact  that  it  really  is  only  the  horizontal  component  of  S,  tljqt  is  important.  ■ 


Figure  C-12,  Circular  Steel  Mcmbrone 


Figure  C-lo.  Square  Steel  Membrone 
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K.  Effects  of  Entrance  Configuration  on  Attenuotion  of  Blast  Overpressure 

I.  Introduction 

The  most  vulnerable  component  of  on  underground  shelter,  to  o  nuclear  weopon.  Is  the  entrance/i  Much  research  has  been 
directed  toward  the  structural  design  of  blast  doors  and  hatches  to  resist  specific  ossumed  oviiUloads.  .L^si^ffort  has  been  expended  in 
designing  the  passageways  through  which  both  refugee  and  blast  pressure  must  troverse  to.reOch.  the  shelfer;do6r. 

The  first  phase  of  o  shelter  design  program  must  include  on  evaluation  of  blast  choracteristics  bosed  on  bomb  size,  detonation 
altitude,  and  proximity  of  shelter  to  ground  zero.  The  type  of  occupancy  must  be  considered,  and  the  following  clossification  Is  possible: 

0.  Long-time  operotional  shelters  for  the  protection  of  active  military  personnel,  important  governrhenta!  and  civil  service 
agencies,  and  perhops  some  essential  industries.  These  shelters  would  be  occupied  during  crucial  international  situations  and  would  not 
change  significantly  during  an  actual  attack.  They  would  be  large,  elaborate,  end  costly.  There  v/oold  be  ample  power  provided  for  the 
operotion  of  utilities,  ond  heavy  blast  doors  could  be  power  operated  end  automatically  controlled.  \ 

b.  Short-time  protective  shelters  which  would  be  occupied  by  individuals,  families  or  communities  only  in  the  event  of  imminent 
attack.  The  majority  of  shelters  would  fall  into  this  clossification.  The  extent  of  protection  would  be  Mmit-r’d  due  to  economic  considera¬ 
tions.  Entrances  would  pose  several  important  design  problems  here.  Blast  doors  should  be  light  enough  to  hand  operation  by  on 

individual.  Tunnels  ond  doors  must  provide  passage  for  all  occupants  In  a  brief  period  of  time.  Protection  should  be  provided  to  those 
alreody  in  the  shelter  if  o  nuclear  explosion  occurs  during  the  period  of  entry. 

2.  Notation 


The  notation  which  is  used  in  the  following  discussion  is  defined  below: 


A 

B 

A  +  B 


A  =  600  -  1/2  o 
B=400+  1/2  0 

Pressure  Numbers  (Prondtl-Busemonn) 

Velocity  of  sound  in  air 
Critical  velocity  of  sound  (when  q  =  o) 
Left-running  chorocteristlc  curve 
Right-running  characteristic  curve 
Mach  Number  (M  =  q/a) 

Criticol  Mach  Number  (M*  =  q^o*) 

Static  Pressure 
dp/dx 

Static  pressure  in  region  I,  2,  3,  etc. 

Free  streom  stagnation  pressure 

Flow  velocity 

Velocity  components  of  q 

Derivotives  of  u  ond  v  with  respect  to  x  and  y 

Angle  to  right-running  epicycloid 

Angle  to  left-running  epicycloid 

Ratio  of  specific  heots 

Angle  of  flow  direction 

Mach  angle 

Angulor  displacement  of  epicycloid  cusp 
Fluid  density 
Flow  turning  ongle 


3.  Blost  and  Overpressure  Origin 

When  o  nuclear  explosion  occurs  in  the  air,  the  shock  front  moves  out  rodiolly  from  the  burst  center  until  it  strikes  the  ground 
surfoce  and  Is  reflected.  The  reflected  wave  overtakes  and  fuses  with  the  incident  wove  to  form  a  Mach  front  which  moves  outward  along 
the  ground  surface.  The  region  outside  of  the  circle  of  fusion  is  referred  to  as  the  Mach  region,  ond  the  dynamic  pressure  is  directed 
nearly  horizontal.  The  total  pressure  behind  the  Mach  front  in  the  Moch  Region  is  the  sum  of  the  overpressure  of  incident  and  reflected 
waves  plus  the  dynamic  pressure. 

The  region  Inside  the  circle  formed  by  incident  and  reflected  wove  fusion  is  colled  the  regular  region,  ond  the  total  pressure 
depends  on  the  angle  of  Incidence  of  the  shock  wave  with  the  ground  surfoce.  Except  for  high  altitude  bursts,  the  regulor  region  is  a 
small  part  of  the  total  area  subject  to  blast  damage.  Furthermore,  no  regulor  region  would  form  ot  all  under  extremely  low  air  bursts  and 
in  the  coses  of  surface  and  subsurface  bursts.  Therefore,  it  is  reosonable  to  assume  that  the  majority  of  underground  shelters  will  be  designed 
to  withstand  pressures  associated  with  the  Mach  region.  The  magnitude  of  the  peok  overpressure  in  the  Mach  region  depends  on  weopon 
size,  burst  height,  distance  from  ground  zero,  ond  terrain  features.  None  of  these  factors  can  be  reliably  predicted  in  advance.  However, 
if  an  arbitrary  value  of  overpressure  is  selected  as  the  design  lood,  the  design  results  con  be  scaled  upward  or  downward  to  fit  specific 
design  requirements. 

When  a  shock  front  posses  over  a  tunnel  entrance,  a  pressure  wove  is  propogoted  into  the  tunnel  and  reflected  waves  ore  created 
which  interact  and  build  up  a  flow  pattern  of  ever-increasing  complexity.  A  direct  theoretical  approoch  to  the  solution  of  this  three- 
dimensional  supersonic  flow  problem  is  not  available.  However,  approximotc  relationships  can  be  obtained  by  ossuming  two-dimensional 
steady,  Isentropic  flow  and  applying  a  graphicol  method  developed  by  Busemonn.  This  ’’Characteristic  Method"  has  been  used  extensively 
to  design  supersonic  wind  tunnels  ond  nozzles.  The  method  consists  of  a  step  by  step  construction  of  the  flow  pattern  bosed  on  the  geometric 
relations  between  incident  waves,  reflected  waves,  and  boundary  configurations. 

The  assumption  of  isentropic  flow  which  is  necessary  for  the  development  of  the  Characteristics  Method  precludes  Its  opplicotlon 
from  flows  Involving  strong  shock  waves.  However,  the  method  will  give  correct  results  for  expansion  waves  and  nearly  correct  results 
when  applied  to  flows  involving  weok  shocks  or  small  turning  angles.  It  is  probable  that  the  speed  of  propagation  of  the  blast  wove  front 
in  the  Mach  region  will  dimish  rapidly  to  velocities  just  above  the  sonic  velocity.  In  this  case,  the  anthrophy  change  ocross  a  shock  wove 
may  be  neglected  and  isentropic  flow  is  implied. 
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4.  Development  of  the  Characteristic  Theory 

A  two-dimensionol  steody  isentropic  flow  con  be  described  nrathenxsticolly  by  two  .C,potion,  of  motion  ond  the  equotlon  of  con¬ 
tinuity. 


p(u  Ux  +  V  Uy)  =  Px 

P(U  Vx  +  V  Vy)  =  Py 


(t) 

(2) 

(3) 


(pu)x  +  (Ov)y  -  V 

deslgnote  the  portlol  derlvotlves  with  respect  to  the  directions  x  ond  y.  The  speed  of  sound  or  son.c  velocity,  o, 

rote  of  pressure  with  respect  to  density  by : 

a2  =  _ 
dP 

Substituting  (4)  into  (I)  and  (2)  gives: 


-I 


Combining  (5)  and  (6)  by  addition  gives;  u2  u„  +  uv  (uy  +  v^)  +  v2  Vy  - -o2  p-'  (u  Px  +  '  Oy) 
Equotion  (3)  con  be  written:  p^u+  pu„  +  4„v  +  Pv„  =  0 


"xv 

.-I 


Combining  (3b)  wt^h  (7)  gives: 


’yv  T  ** 

P"'  (U  P  J,  +  V  P  y)  +  U^  +  Vy  =  0 
(a2  -  o2)  U^  -  uv(0y  +  Vx)  +  (o^  -  v2)  Vy  =  0 


Uy  -  Vx  -  0 


(5) 

(6) 

(7) 
(3a) 
(3b) 

(8) 

(9) 


Restricting  the  flow  to  on  Irrototionol  condition  requires  thot: 

In  1929,  Busemann  developed  a  graphical  method  for  solving  equation.  (8)  ond  (9)  for  ’-^J^'yVird'errlll'efi'^ 

olthLgh  ^  properties  are  continuous  functions  of  x  and  y  in  the  region  where  the  choroctenstra  ^  J 

tlnururfunctlons  of  x  and  y,  the  variations  of  the  velocity  components  u  and  v  along  the  choroctenstra  curve  can  be  expresses  as. 

(10) 

+  Uydy 
8v  =  v^d,,  +  Vydy 

Writing  (8)  and  (9)  os  a  single  equation  and  grouping  with  (10)  and  (II)  gives  a  system  of  three  equations  in  three  unknowns  (ux,  Uy,  vy). 

(a2  -  u2)  Ux  -  2ovuy  +  (a2  -  v2)  Vy  =  0 


8x  "^x  '*y'y  " 


(12) 


dx  Uy  +  dyVy  =  dv 

In  oenerol  one  would  expect  equations  (12)  to  define  o  unique  set  of  volues  of  the  three  portiol  derivatives.  According  to  the  definition 
of  ?he  chtacrarUt7c  l"e  however,  the  discontinuity  condition  requires  thot  there  be  at  leost  two  distinct  sets  of  valu«  of  these  deriva¬ 
tives  A  theorem  from  olgebra  states  that  if  the  solution  of  a  system  of  linear  algebraic  equotions  is  expressed  os  the  quotient  of  8*^'- 
mlnonts,  then  more  thon  one  set  of  solutions  exist  only  when  oil  numerators  ond  the  denominotor  vonish  In  foct  .  * 

the  denominotor  and  one  of  the  numerotots  vanish,  then  oil  numerators  vonish.  Expressing  the  solution  for  Uy  m  determinant  notation. 


j"  a2  -  o2  0  a2  -  v2 

”o2  -  u2  -2uv  a2  -  v2  ■ 

dx  du  0 

dx  dy  0 

0  dy  dy 

_0  dx  dy 

For  the  existence  of  characteristics: 


(o2-u2)  8u  (o2-v2)4l 
"Tnr  ay 


=  0 


(13) 


(14) 


(o' 


2uv  ^  +  (o^  -  v2)  =  0  (15) 

^  UA y 

The  derivative  ^y  (|5)  the  slope  of  the  characteristics  os  a  function  of  the  velocity  components  u  and  v.  These  characteristics 

con  be  constructed  in  the  xy  plane  which  is  referred  to  os  the  physicol  plone.  Solving  (15)  for  ^  produces  two  roots: 

2  2s  '/2 

V*  -  O^) 


/ dy\  uv  +  o  (o^  + 

fel'  — 

('« 

VHx/i 


0  7  0 

=  uv  -  o  (u^  +  v^  -  o^) 


2  2 


(16) 


C-18 


C-15 


By  use  of  trigonometric  identities,  (22)  con  be  reduced  to: 


ton  (  ) 


=  ton  (  «  -  M  ) 


Referring  ogoin  to  figure  C-18,  the  chorocteristics  in  the  physicol  plane  os  defined  by  (23)  ore  identicol  to  the  Moch  lines  os  defined  by 
(19).  Equotion  (20)  shows  thot  the  component  of  velocity  rvormol  to  the  physicol  chorocteristic  (Moch  line)  is  olwoys  equol  to  the  speed 
of  sound. 


b.  Chorocteristics  in  the  hodogroph  plone. 

.  '  A  hodogroph  is  o  graph  in  polar  coordinotcs  in  the  velocity  plone.  In  order  to  construct  the  hodogroph  chorocteristics,,  the 
velocity  components  u  ond  v  ore  expressed  os  in  (21)  and  differentioted  to  find  the  veloci  ty  voriotions  along  the  chorocteristic  curves. 

du  =  qsin^dd  +  cos^  dq 

(24) 

dv  =  q  cos  ^  4-  stnd  dq 

Substituting  (21)  and  (24)  ir\to  (17^  produces: 

•  ..  i’  *  ^  • 

...  d!?  =  +  (m2  -  I) '/2  ^  '.  (25) 

q 

In  order  to  plot  the  chorccteristics  with  refererice  to  $  ,  the  direction  ongle  of  the  velocity  q,  it  is  necessary  to  integrate  (25).  This 

connot  be  done  directly  since  M  is  o  voriable;  however,  the  integration  con  be  occomplished  by  introducting  the  criticorMoch  Number 
M*  which  is  defined  as;  q  •  ’  ,  ' 

*  ■  m 

where  a*  is  the  criticol  velocity.  The  cfiticol  velocity  is  defined  os  thot  for  which  q  =  o.  The  odvontoge  of  introducing  M";  lies  in  the 
foct  that  is  is  proportionol  to  q  since  o*  is  constant,  whereos  M  vories  inversely  with  o.  The  relation  between  Mond  M*  is'such  that; 


(s-r- 


and  y  is  the  rotio  of  specific  heat  ot  consfonf  pressure  to  specific  heat  ol  constant  volume.  For  air  y  is 

/  M*2  -  I  \  dq  (25a) 

- - -  r.,mu - -  ..  =  J  ’ 


1.4  and  b  Is  2.45.  By  opplying  equation  (27) ,  equation  (25)  becomes:  66  -  j 

l/w#2  I  .|  1  \  1/2 

Integroting  (25o)  gives:  +(e  -  «,  )  *  b  tan  "  [  _2 _ ^,.1  -  I  i-__  i  b  (28) 

\b2-M*V  \b2-M*2/ 

where  9  is  the  value  of  9  corresponding  to  M*  =  1.  The  two  equotions  in  (28)  ore  the  equotions  of  o  poir  of  epicycloids  in  polar 
coordinotes.  These  ore  plotted  in  figure  C-*9  in  the  hodogroph  plane  with  M*  meosured  rodiolly  from  the  center  ond  the  ongle  of  flow 
direction  9  meosured  counterclockwise  from  the  u  oxis.  The  epicycloids,  which  ore  the  chorocteristics,  con  be  con:tructed  grophicolly 
by  the  following  procedure: 

(1)  Construct  two  concentric  circles  of  rodius  M*  =  I  and  rodius  M*  2.45. 

(2)  Turn  the  angle  9  from  the  u  oxis  ond  plot  the  point  Pq  on  the  inner  circle  (M*  =  I). 

(3)  Construct  o  circle  of  diameter  1.45  tangent  to  the  inner  circle  ot  P  .  This  circle  h  olso 
torsgent  to  the  outer  circle  (M*  =  2.45). 

(4)  As  this  circle  of  diometer  1.45  rolls  counterclockwise  around  the  inner  circle,  the  point  P  traces 

o  locus  known  os  the  left-running  epicycloid  or  chorocteristic  »  where  the  subscript  9  denotes  the  storting  point  of  P  at  P 

on  the  inner  circle.  ^ 

(5)  As  the  rolling  circle  moves,  the  locus  of  P  gives  the  complete  epicycloid  C|^g  which  firxilly 

is  tengant  to  the  outer  circle  ot  9  -  ^  (b-I)  =  0.725.  .  If  the  rolling  circle  turns  clockwise  from  the  Kght-running 

characteristic  Cr0  Is  traced.  For  each  value  of  9|  ,  a  poir  of  chorocteristics  con  be  plotted. 

The  hodogroph  characteristics  ore  illustrated  In  a  different  monner  in  figure  C-20.  The  right-running  chorocteristic  starts 
on  the  unit  circle  (M*=l)  at  9|  =  o  ,  ond  this  cnorocteristic  curve  is  designated  os  .  Similarly,  the  left-running  chorocteristic  which 

storts  ot  9|  =  d  is  designated  cs  C.  ^  Eoch  point  P  in  the  hodogroph  plane  con  be  determined  by  o  pair  of  intersecting  chorocteristics 

Cr„ 

Figure  C-20  shows  thot  tiie  velocity  magnitude  ot  P  is  o  function  of  the  difference  a  -  d  ■  I  ■  ,  M*  =  F  (  a  -  d  );  and  the 

velocity  direction  is  expressed  by  9  =  {  o  +  d  )/2.  .Thus,  the  velocity  vector  ot  point  P  is  completely  specified  by  the  volues  of  cr 

and  d  . 


c.  Grophicol  construction  of  the  chorocteristics  dlogrcm. 

A  useful  tool  for  constructing  the  chorocteristics  diogrom  is  o  polor  diagram  of  criticol  Moch  number  versus  Moch  angle. 
Combining  equotions  (19)  ond  (27),  one  con  obtoln: 

1 11,2  -  2  M*2  cos^  u  -  I 

b2  (29) 

in  h  2.  ").  L;.ott  ,29  Ljn  be  plotted  In  polor  coordinotes  (M*,  t*  )  os  on  ellipse  with  minor  seml-oxis  equol  one  and  major 

sem'-ayis  equal  b.  This  Is  ...  vn  in  figure  C-21.  If  the  ellipse  is  plotted  to  the  some  scole  os  the  hodogroph,  then  it  con  be  superposed 
on  the  hr  'ogroph  with  coineidinq  »hot  of  th/.*  cl'rUv  ond  P(M*,  )  coinciding  with  P(M*,  0  ).  This  superposition  is 

shown  in  figure  C-22.  As  pre-'ious ly  ’''■.n  *  ,::hysical  plone  ore ‘^Serpendiculcr  to  the  chorocteristics  In  the 


C-20 


hodograph  plane.  The  major  axis  of  the  ellipse  is  a  Moch  line  (according  to  the  definition  of  o  Moch  line)  and  therefore  must  be 
perpendiculor  to  the  tangent  to  the  charocteristic  which  posses  through  P(M*,  6  ).  For  this  reason;  the  ellipse  con  be  used  to  determine 
the  local  direction  of  the  hodogroph  characteristics  at  any  point  in  the  dioqram.  This  superposition  Is  focilitated  b^‘:»he  use  of  figures 
C-23  and  C-24.  Figure  C-24  is  known  os  o  characteristics  diagrom  ond  plots  the  two  fomilies  of  epicycloids  as'o  -fWte  number  of  curves 
determined  by  equal  increments  of  a  and  0  (see  figure  C-19).  The  angle  v  is  the  angytor  displocement  from  fhe  ci>sp  to  the  point 
P(M*;  6  );  i.e.;  ora-0.  Maximum  v  =0.725ir  is  the  maximum  value  of  0-0i  ,  (see  figure  ),  therefore 

moximum  =  130.45  degrees.  The  significance  of  the  numbers  on  the  charocteristics  diagram  in  figure  C-24  will  be  explained  later. 

d.  Construction  of  supersonic  flow  past  convex  boundaries. 

Consider  an  initial  uniform  flow  with  Mach  number  M|*  and  o  convex  boundory  with  a  right-turning  angle  h  .  With  Mj* 
ond  i  known,  it  is  required  to  determine  the  Mach  number  M2^  which  exists  beyond  the  turn  as  shown  In  figure  C-25,  Since  M|*  and 
its  direction  in  the  physical  flow  are  given,  we  con  locate  Mj*  in  the  hodogroph  plone  ond  drew  the  right-running  hodograph  characteristic 
,  by  trocing  a  characteristics  diagram  such  as  figure  C-24.  This  is  shown  in  figure  C-26.  Now  the  left-running  characteristic, 

C|^j;  can  be  drawn  in  the  physical  plane  (figure  C-25)  by  using  the  hodograph  ellipse.  When  the  ellipse  is  superimposed  on  the  hodograph, 
the  major  oxis  is  parallel  to  the  physical  choracteristic,  Ci\,  which  originates  at  the  corner  on  the  boundory.  It  may  be  recalled  that  the 
choracteristics  in  the  physical  plane  ore  Mach  lines  and  therefore  lines  of  constant  velocity.  Next,  M2*  is  drown  in  the  hodograph  plane 
at  an  angle  4  from  M|*  and  extending  from  the  origin  to  the  epicycloid,  •  By  again  superposing  the  ellipse  on  the  hodograph,  the 

second  Moch  line,  C^,  con  be  constructed  in  the  physical  plane. 

I 

1 


Figure  C-21.  Polar  Coordinates  (M*,  ^  )  As  An  Ellipse 


Figure  C-22.  Elipse  Superimposed  on  A  Hodograph 
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For  a  curved  convex  boundary,  the  flow  field  can  be  constructed  by  replocing  the  curved  boundory  by  stroight  segments 
each  turning  a  small  increment  A  6  of  the  total  turning  angle  6  .  Since  the  physicol  characteristics  are  normol  to  the  hodogroph 

characteristics  of  the  opposite  family,  it  is  convenient  to  draw  a  mean  physical  choracteristic  for  each  increment  iSi  and  plot  these 
normol  to  the  segment  of  epicyc loid  subtended  by  .  This  construction  is  shown  in  figure  G-27,'  •  ••,* 

e.  Construction  of  supersonic  flow  post  concave  boundories.  *  '  ; 

If  supersonic  flow  turns  a  concave  finite  corner,  an  oblique  shock  wove  occurs.  For  small  ongles  ond  high  supersonic  flow, 
the  flow  behind  the  shock  remains  supersonic  and  the  resulting  shock  is  weak  with  negligible  chonge  in  entropy.  Thus,  the  flow  is  opprox- 
imotely  Isentropic  and  the  characteristics  method  may  be  used.  When  o  concove  curved  boundary  is  encountered  by  supersonlc'flow,  the 
velocity  decreoses,  ond  at  some  distance  away  from  the  boundary  the  compression  Mach  lines  or  waves  focus  together  to  form  a  finite 
shock.  However,  If  the  flow  field  is  bounded  on  both  sides  such  that  the  focol  point  is  outside  of  the  field,  the  compression  Moch  waves 
cannot  form  o  shock  and  isentropic  flow  again  results.  An  example  of  supersonic  flow  post  o  curved  concave  boundary  is  shovyn  in  figure 
C-28.  In  this  example,  the  lower  convex  boundary  is  shaped  such  that  no  reflection  woves  ore  produced.  In  describing  supersonic  flow 
in  the  physical  plane,  the  term  Mach  wove  or  merely  the  word  wove— is  used  in  place  of  the  terms  Mach  line  or  choroctcristic.  ' 

f.  Reflection  of  moch  waves  from  solid  boundaries. 

When  Mach  waves  reach  o  boundary,  they  are  reflected  os  woves  of  the  opposite  characteristic  fomlly.  The  incident  and 
reflected  Mach  waves  divide  the  flow  field  into  regions  in  which  the  flow  direction  is  parallel  to  the  adjacent  boundory,  and  the  Mach 
number  for  each  region  is  a  function  of  Intersecting  right-running  and  left-running  hodogroph  characteristics,  Figure  C-29  illustrates  the 
development  of  reflected  waves  In  a  two-dimensional  tunnel  with  o  concove  turning  angle  in  the  lower  boundary.  The  flow  in  region  (  is 
parallel  to  both  boundaries  and  Mj*  is  a  function  of  the  hodogroph  characteristics  or  ond  0  as  shown  in  the  hodogroph.  Point  I  In  the 
hodogroph  represents  region  I  5n  the  physical  flow.  The  Flow  in  region  2  is  parallel  to  the  lower  boundory,  ond  the  flow  direction  hos 
turned  through  angle  S  .  Since  the  flow  cannot  be  porallel  to  the  upper  boundary  as  well,  the  incident  wave  2  5  )  reflects 

to  form  the  reflected  wave  Cr  (  a  -  2i  )  which  isolates  region  2  from  the  upper  boundary.  As  the  flow  moves  into  region  ?,  it  again 
parallels  the  upper  boundary  and  a  second  reflection  of  the  Mach  wave  occurs  on  the  lower  boundary.  This  boild-up  of  flow  regions  con¬ 
tinues  throughout  the  length  of  the  tunnel.  In  figure  C-29,  the  incident  ond  reflected  waves  ore  compression  woves.  If  the  incident  wove 
is  an  expansion  wave,  then  the  reflected  wave  Is  also  on  expansion  wove. 

The  application  of  the  characteristics  diagram  is  simplified  by  the  use  of  two  porometers  introduced  by  Prondtl  ond  Busemonn. 
Those  paranicteri  provide  o  system  of  numbering  the  epicycloids.  The  left-running  epicycloids  ore  Identified  by  B  ®  400  +  1/2  while 
the  right-running  epicycloids  ore  denoted  by  A  =*  600  -1/2/3  .  Since  each  vertex  of  the  net  is  defined  by  the  ongulor  displacements  from 
the  left  and  right  cusps,  i'  «  6  -  ^  ond  -  v  *0  •  ^  /  the  porometers  can  be  related  to  k'  &  0  .  See  figure  C-20. 

A  +  B  =  1000  -  V 
A  -  B  =  200  -  0 

A  +  B  is  called  the  pressure  number  and  A  -  B  is  called  the  direction  number.  These  numbers  ore  polor  coordinates  of  points  in  the  charoc- 
teristics  diagram.  All  angles  ore  measured  in  degrees,  Referring  to’flgure  C-25,  the  rodii  ore  designoted  by  direction  numbers,  and  the 
concentric  circles  ore  osslgned  pressure  numbers,  A  numericol  exomple  will  illustrote  the  use  of  these  porometers.  Consider  a  two-dimen¬ 
sional  tunnel  with  a  straight  upper  boundary  and  o  convex  turning  ongic  in  the  lower  boundory .  Suppose  thot  the  inltiol  criticol  Moch 
number  is  M(*  =  1.52,  ond  the  turning  angle  is  10  degrees.  A  tabulotion  of  criticol  Moch  number  ond  pressure  rotio  os  functions  of  the 
pressure  number  is  given  In  the  following  table: 


A  +  B 

M* 

M 

1  ^ 

1000 

1.00 

1.00 

0.528 

995 

1.20 

1.26 

0.383 

990 

1.32 

1.43 

0.299 

985 

1.43 

1.61 

0.234 

980 

1.52 

1.77 

0.181 

975 

1.61 

1.95 

0.138 

970 

1.69 

2.13 

0.104 

965 

1.77 

2.34 

0.076 

960 

1.84 

2.54 

0.055 

955 

1.90 

2.75 

0.039 

950 

1.97 

3.03 

0.027 

9<in 

2.08 

3.60 

O.OII 

920 

2.26 

5.35 

0.001 

900 

2.38 

9.19 

0.000 

S70 

2.45 

CD 

0.000 

Thn  prcisuro  rofio  is  fhc  '.’nfic  pressure  associated  with  M*  divided  by  the  free-stream  stognotion  pressure.  As  shown  in 
figure  C-30,  the  Initial  flow  direction  is  taken  as  0=0.  Region  I  Is  defined  by  the  pressure  number  980  end  the  direction  number  200. 
This  corresponds  to  epicycloid  numbers  of  590  ond  390.  In  moving  into  region  2,  the  flow  turns  clockwise  10  degrees.  The  corresponding 
direction  number  on  the  chorocteristlcs  diogrom  Is  210.  The  picycloid  numbers  become  590  ond  380.  This  gives  a  pressure  number  of  970 
for  region  2 ,  ond  the  ossocloted  M*  in  toble  above  Is  ! .  69 .  The  flow  in  region  3  is  ogoin  at  0=  0  with  direction  number  200.  The 
epicycloid  numbers  ore  580  ond  380  wlt%  pressure  number  equol  to  960.  Therefore,  M3*  =  1.84.  The  stotic  pressure  in  region  3  is  0.055 
times  the  frec-streom  stcgnotlon  pressure. 

g.  Attenuation  of  blast  overpressure  at  tunnel  entrances 

The  formotion  of  the  flow  field  ot  the  entronce  to  o  tunnel  or  duct  is  extremely  complex  ond  depends  on  surrounding  topo¬ 
graphy  os  well  os  the  configurot'on  of  tlit  portal  opening  itself.  As  the  blost  wove  moves  ocross  the  opening,  vortices  form,  shed,  and 
move  dov/n  the  tunnel  evenfuclly  formin-;^  3  wove  front.  Shock  tube  studies  indicote  thot  o  distance  of  6  to  10  tunnel  diometers  ore  required 
for  the  formation  of  the  wove  front. (o)  A-'ter  the  wove  front  forms,  the  flow  field  can  be  constructed  opproximately  by  applying  the 
characteristics  method.  Flow  conditions  in  the  entrance  prior  to  formation  of  the  wove  front  must  be  estimated  from  available  test  data. 

(a)"First  Int'orrnotion  Sum.rr.cry  of  Blast  Potrerns  in  Tunnels  ond  Chombers,*'  Aberdeen  Proving  Ground,  Morylond,  DASA  Report  No.  1171, 
Ballistic  Res<^a'’ch  Lobs,  N\arch,  I960.  C-25 


Figure  C-29.  Incident  and  Reflected  Wavej 


Figure  C-31  shows  the  relationship  between  the  peak  overpressure  in  the  tunnel  entrance  at  the  point  where  the  wave  front 
has  formed  and  the  peak  overpressure  at  the  surface.  Three  angles  of  incidence  between  the  tunnel  axis  and  the  direction  of  the  surface 
oir  blast  wave  are  considered.  The  models  used  in  these  studies  were  of  constant  cross-section  with  smooth  walls.  The  dashed  portions 
of  the  curves  ore  based  on  extrapolations  beyond  the  experimental  results.  The  pressure  relationship  for  other  angles  of  incidence  can  be 
determined  by  interpolation  between  the  curves  shown. 

h.  Application  of  the  characteristics  method  to  a  typical  tunnel  section.  ' 

To  illustrate  the  application  of  the  characteristics  method,  the  solution  of  o  numerical  problem  is  presented  in  figures  C-32 
and  C-33.  An  underground  shelter  is  provided  with  an  entrance  tunnel  which  hos  the  configuration  shown  in  figure  C-33.  This  is  a 
vertical  section  through  the  tunnel.  The  width  is  assumed  to  be  constont,  and  the  width  to  height  ratio  is  sufficiently  large  so  that  the 
flow  is  essentially  two-dimensional.  The  door  of  the  shelter  is  located  in  the  side  wall  of  the  tunnel  at  the  mid-point  of  its  length.  The 
tunnel  is  open  at  both  ends  providing  ingress  or  egress  In  either  direction.  From  the  entrance,  the  tunnel  slopes  at  30  degrees  for  a  distance 
of  lOD  where  D  is  the  height  measured  normal  to  the  floor.  From  this  point,  the  tunnel  expands  to  a  height  of  2D  while  turning  through  two 
15  degree  angles  which  are  spaced  4D  opart. 

The  flow  pattern  in  the  tunnel  is  the  result  of  the  blast  wave  created  by  a  megaton  nuclear  bomb  bursting  on  the  surface  3500 
feet  from  the  tunnel  entronce.  The  direction  of  wave  propagation  is  assumed  to  be  parallel  to  the  longitudinal  axis  of  the  tunnel  and  qn 
overpressure  of  100  psi  is  given.  Referring  to  figure  C-31,  interpolation  between  curves  2  ond  3  gives  a  peck  overpressure  of  about  90  ps! 
in  the  tunnel  entrance  for  an  incliixitTon  of  30  degrees  and  a  surfoce  peok  overpressure  of  100  psi.  The  Mach  number  ossocioted  with  the 
wove  front  which  develops  In  the  entrance  can  be  determined  by  using  the  following  Rankine-Hugoniot  equation  for  shock  waves  in  standard 


PEAK  SURFACE  OVERPRESSURE  -PSl. 


Figure  C-31.  Surface  Overpressure  vs  Tunnel  Entrance  Pressure 
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Figure  C-33.  VerHcol  Section  Through  Tunnel 


The  corresponding  Moch  number  for  the  initial  region  of  flow  is  then,  M|  =  2.34.  Toble  I  gives  the  criticaf'Mach  number,  Mj*  =  1.77, 
and  the  pressure  ratio,  P|  /  Pq  "  0.076. 

Now  thot  the  initial  flow  conditions  ore  fixed,  the  characteristics  method  cbt'  be  applied  to  plot  the  flow  pottern.  As  the 
flow  moves  into  region  2  it  experiences  an  expansion  at  the  ceiling  ns  o  result  of  the  15  degree  convex  turning-ongle.  This  produces  the 
exponsion  wove,  shown  by  the  doshed  line,  which  divides  region  2  from  region  1.  At  obout  the  same  instant,”  the-compression  wove, 
shown  by  the  solid  line,  is  formed  ot  the  15  degrees  concave  turr^ing-ongle  in  the  floor.  These  waves  continue  throughout  the  flow  field, 
reflecting  from  opposite  walls  to  form  the  wave  pottern  shown.  Additionoi  waves  are  produced  at  the  other  turhirig  ongles.  Note  that 
each  wove  Is  bent  os  it  crosses  o  reflected  wove  from  the  opposite  wofl.  The  direction  of  these  waves  is  determined  from  the  hodogroph 
shown  in  figure  C-33,  vAIch  wos  constructed  by  use  of  figure  C-24,  £och  point  on  the  hodogroph  is  defined  Dy  pressure  number,  . 
epicycloid  numbers,  ond  direction  number,  ond  the  associated  flow  regions  in  the  tunnel  ore  indicoted  in  the  tobulotron.  '  . .  ^ 

The  shelter  door  is  locotcd  primarily  in  flow  region  27,  for  which  the  flow  choracteristics  con  be  detemnined  by  referring  t©  ; 
point  C  on  the  hodogroph.  The  corresponding  pressure  number  is  935,  ond  by  interpolotion.  Table  I  gives  M27*  =  2.13  ond  P27/Po^*^^* 
Since  P|  =  90  psi,  P.  90 


0.076  0.076  0.007 


Therefore  P27  = 


90  =  8. 3  psi 


The  top  of  the  door  is  exposed  to  region  23  which  is  associated  with  pressure  number  950,  M23*  =  1.97,  ond  P23/  P©  “  0.027.  Therefore, 

p  -  0.027  on  m  • 

^23  90  =  32  psi 

0.076 

For  purposes  of  design,  the  shelter  door  con  be  assumed  to  be  exposed  to  peok  overpressure  varying  from  32  psi  ot  the  top  to  8  psi  ot  the 
bottom. 

i.  Blast  resistant  doors  for  underground  shelters. 

Based  on  mode  of  operation,  shelter  doors  con  be  classified  os  follows: 

1.  Power  operoted,  outomotic  or  bond  controllod. 

2.  Gravity  operated,  automatic  or  hand  controlled. 

3.  Hand  operated. 

4.  Blast  pressure  octuafed.  ^ 

5.  Fail-safe  construction. 

There  have  been  many  commerciol  or  industriol  applications  of  door  corstruction  which  fit  into  the  first  two  dosses.  This 
existing  means  of  construction  con  readily  be  made  applicable  to  large  ur^Jerground  shelters  where  mossivencss  1$  no  objection.  Pressure¬ 
sensing  devices  con  be  ir\stoIled  neor  the  tunnel  opening,  for  enough  from  the  door  to  ollow  time  for  closing  before  the  blost  wove  reoches 
the  door.  Reliable,  self-sufficient  electricol  power  is  necessary  fov  power  operotion  ond  outomotic  controls. 

..w 

Hand  operoted  blast-resistant  doors  ore  also  commerciolly  ovoiloble.  The  shelter  con  be  continuously  seoleH  off  from  the  out¬ 
side  by  arranging  these  doors  in  pairs  with  Interlock  systems  which  require  one  door  to  be  closed  when  the  other  Is  open.  An  important 
dlsodvantoge  in  this  system  is  the  resulting  slow  movement  of  traffic  through  the  interlocked  doors.  This  problem  ^os  been  solved  in  commer¬ 
cial  buildings  by  use  of  the  revolving  door.  With  modification,  the  revolving  door  can  be  used  05  o  pressure-lock  shelter  door.  Three 
problems  become  evident.  First,  the  revolving  door  most  be  properly  sealed  around  the  edges  ond  still  provide 'sufficient  ease  of  movement. 
Second,  consideration  must  be  given  to  the  possibility  of  "wind-milling''  due  to  unsymmetricol  distribution  of  blost  pressure.  Third,  hondi- 
copped  individuols  may  become  isolated  from  help  in  the  quadrants  formed  by  the  intersecting  doors  and  thus  couse  the  revolving  door  to 
become  inoperable.  It  is  possible  that  ad  three  of  these  problems  con  be  reduced  or  eliminoted  by  substituting  a  revolving  cylinder  for  the 
intersecting  revolving  doors.  This  scheme  is  illustrated  in  the  sketches  shown  in  figure  C-34.  ‘  .•  *. 


OUTER,  STATIONARY  CONCRETE  CYLINDER- 


'BEARING 


INNER,  REVOLVING  . 
A  STEEL  CYLINDER -4^ 


■FLEXIBLE  SEALS 


RADIAL  fr 

SUPPORTS -T' 


p  FLOOR  PEDESTAL 
POURED  MONOLITH 
\  WITH  CYLINDER 

•  5-  BEARING 


PLAN 


SECTION 


Figure  C-34.  Intersecting  Revolving  Doors 
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to  focilitote  revolving. 

A,  previoo,,  ..led,  ,He  overpre„vre  inrjoce.  b.  .be 

mo.Ic  consol,  for  dosing  .he  shelter  or  tunnel  In  some  =“«■  T^he  deloy  lodp  must  be  long  enough  to 

door  or  o  plug  in  o  section  of  the  tunnel  oheod  of  the  ^  overpressure  behind  the  shock.  This  design  requires  pr.c.se  evoluo- 

cootoin  the  blost  wove  until  the  plug  hos  been  forced  into  ploce  by  the  overp  essu 
tioo  of  wove  strength,  plug  moss,  friction  force,  ond  wove  velocity. 


shelter  doors 


Figure  C-35.  Foil-Sole  Door  ► 


L.  Enfrance  Use,  Anologoe  Analysis 


1.  Introduction 

In  heavily  populoted  orecs,  wolking  is  the  only  procticol  and  rapid  meons  of  moving  the  populotion  to  shelters  under  emergency 
conditions .  The  pedestrian  trofflc  problem  orising  in  this  situation  must  be  onolyzed  to  determine  the  size,  number,  and  location  of  shelter 
entrances  required.  Shelter  districts  designating  the  geographical  areo  to  be  served  by  each  shelter  entrance  muit  be  established.  Theri, 
as  the  shelter  system  Is  constructed,  the  population  of  the  area  must  be  trained  to  ensure  proper  use  of  ovolloble  shelter.  • 

2.  Constraints 

The  size,  number,  ond  location  of  entrances  and  their  nssociotod  shelter  districts  depend  upon  the  following  constraints: 

(a)  Populotion  o5  the  area  served  by  o  shelter  system 

(b)  Capacity  of  the  shelter  served  by  each  er^tronce 

(c)  Warning  time  ovoilable  to  move  people  into  shelters 

(d)  Arrivol  rate  at  each  shelter  entrance 

(e)  Entry  rote  at  each  shelter  entronce 

(f)  Queuing  at  each  shelter  entrance 

o.  Population 

Population  of  an  areo  determines  the  shelter  copoclty  required  to  protect  o  given  proportion  of  the  people  in  that  oreo  at 
the  time  a  warning  is  sounded.  A  detoiled  analysis  of  the  present  ond  future  totol  population  of  on  oreo  to  be  served  by  o  shelter  system  is 
essentiol.  In  addition,  on  orxiiysis  of  population  distrIb*jtion  on  os  detailed  a  geographical  scole  os  procticol,  including  shifts  of  popula- 
tion  concentration  during  the  day  ond  night  hours,  contributes  greotly  to  the  onolysis  of  the  pedestrion  troffic  problem.  Once  o  populotion 
onolysis  is  mode,  intelligent  design  of  the  shelter  system  con  commence. 

b.  Capacity 

Capacity  of  the  shelter  facilities  served  by  o  given  shelter  entronce  places  on  absolute  moximum  limit  on  the  number  of 
people  using  that  entronce.  Eorly  in  the  design  of  the  shelter  system  o  decision  must  be  mode  concerning  what  portion  of  the  moximum 
population  in  o  given  area  will  be  accommodated  by  the  shelter.  In  rrwking  this  decision, conslderotlon  must  be  given  to  populotion  shifts 
during  the  doy,  to  future  population  increases,  and  to  the  possibility  that  a  portion  of  the  shelter  system  may  hot  be  ovoiloble  for  use  ot 
the  time  o  worning  Is  sounded. 

c.  Warning  time 

Worning  time  is  the  estimated  time  that  will  be  ovoiloble  between  the  instont  worning  of  on  ottock  Is  sounded  ond  the  time 
the  destructive  weapons  ©f  this  attack  arrive  on  o  given  torget.  The  worning  time  is  thus  the  period  of  time  ovoiloble  for  people  to  leave 
their  normol  dolly  octivlries  ond  safely  enter  o  shelter.  Warning  time  is  dependent  upon  militory  technology  whi.ch  chonges  constontly.  It 
must  be  revised  os  o  means  of  weapons  delivery,  means  of  detection  of  cn  ottock,  ond  the  efficiency  of  th‘e  worning  system  chonge.  However 
at  ony  given  time  a  worning  is  sounded,  the  worning  time  ovoiloble  to  take  shelter  is  o  fixed  constont.  At  present,  o  worning  time  of  15 
minutes  is  fairly  realistic  for  a  target  under  intercontinentol  missile  ottock.  A  detoiled  torget  onolysis  should  be  mode  to  determine  the 
warning  time  for  o  specific  shelter  system  under  consideration. 

The  worning  time,  once  determined,  moy  be  further  divided  into  three  general  periods: 

Reaction  Period 
Pedestrion  Traffic  Period 
Sofety  Margin  Period 

Reaction  period  is  the  period  between  the  instant  a  worning  is  sounded  and  the  time  peopU-  octuolly  stort  traveling  toword 
shelter.  Ojring  the  day  this  period  will  be  quite  short.  At  night,  in  o  resio'entio!  areo,  the  reaction  time  will  be  opprecioble.  Assuming 
a  night  ottcck  In  o  residential  district,  ond  assuming  o  normal  distribution  of  the  times  people  leove  their  residences,  o  mean  reaction  time 
of  5  minutes  with  95%  o^  the  populotion  leoving  between  3  ond  7  minutes  after  o  warning  is  sounded  is  o  folrly  realistic  estimate. 

Reaction  time  moy  also  be  defined  from  c  slightly  different  viewpoint.  It  con  be  considered  to  be  the  time  elopsing  between 
sounding  o  worning  and  rhe  orrivcl  at  the  shelter  entronce  cf  people  In  the  oreo  immediotcly  odjocent  to  that  entrance.  Thus,  it  is  a  period 
just  after  the  worning  is  >ound€d  when  there  still  Is  esscntiolly  no  trofflc  through  the  shelter  entrance  into  the  shelter. 

Pedestrian  traffic  period  Is  the  period  during  which  the  populotion  in  o  given  area  trove!  toward  ond  pass  through  the  shelter 
entrance  serving  that  urea.  This  is  the  period  of  primer/  importance  in  the  onolysis  of  the  pedestrion  trofflc  problem.  It  Is  the  octuol  time 
ovoiloble  to  move  the  population  frorr  rhe  scene  of  their  daily  octivities  into  the  shelter. 

Safety  morgln  period  may  or  may  not  exist.  It  is  the  remoinder  of  the  warning  time  after  the  reaction  period  and  the  pedes¬ 
trian  trofflc  period  hove  elapsed,  provided  the  sum  of  the  letter  two  periods  is  less  than  the  worning  time.  If  it  exists,  the  sofety  morgin 
period  is  a  short  time  when  smoll  unexpected  contingencies  moy  be  handled. 

For  design  v/ork  o  desired  safety  margin  period  may  be  chosen  ond  the  pedestrion  troffic  problem  solved  for  the  remoinder  of 
the  v/orning  Tlfr,e . 


d.  Arrive!  rote 


Arrival  rote  Is  the  rote  thot  people  arrive  at  the  entrance  os  o  function  of  time  ofter  o  warning  is  sounded.  It  moy  be  repre¬ 
sented  mathematically  os: 

A(o=  IM  .  •  - 

dt 

where  A(t)  Is  the  orrival  rate,  P(t)  is  a  populotlon  segment  os  a  function  of  the  time  it  tokes  eoch  segment  of  the  population  to  reoch  the 
shelter  entrance,  and  t  Is  the  time  after  a  worning  Is  sounded.  The  totol  number  of  people  who  have  arrived  at  the  shelter  entronce  ot  a 
given  time,  f,  is  the  integral  of  the  orrival  rote; 

P(t)=  A{r)dr 

The  arrival  rate  is  dependent  on  four  factors; 

Population  Distribution 

Walking  Speeds 

Walking  Distances 

Congestion  of  Pedestrian  Trofflc  Routes 

Population  distribution  is  the  detailed  description  of  the  number  of  people  per  unit  oreo  at  every  location  within  a  given 
area.  In  analysis  of  th2  pedestrian  traffic  problem  associated  with  shelter  entrance  requirements  it  is  desirable  to  know  the  population 
density  for  each  block  of  the  region  served.  For  still  more  accurate  onolysis/population  density  for  eoch  building  or  lot  in  the  region  would 
be  necessary.  If  none  of  this  doto  is  available  then  the  average  population  density,  determined  by  dividing  the  population  of  Q  larger 
region  by  the  area,  must  be  used  for  on  approximation. 

Walking  speeds  are  the  rates  each  person  travels  in  movement  toward  o  shelter  entronce.  Little  doto  is  ovoiloble  concerning 
movement  of  large  groups  of  people  under  emergency  conditions.  Therefore,  an  assumption  must  be  mode  thot  movement  to  the  shelter 
entrance  is  disciplined  and  orderly.  To  unsure  this,  proper  instruction  and  training  of  the  populotion  by  drills  ore  essential  for  proper  use 
of  shelter  system  entrances. 

Over  moderately  long  distances  ocross  level  terrain,  hikers  often  use  on  overoge  speed  of  3  miles  per  hour  or  an  overoge  of 
265  feet  per  minute  as  a  rule  of  thumb  in  estimating  walking  speed.  Alexander  et  al  (2)  from  o  distribution  qf  125  measurements  mode  in 
downtown  Washington,  D.  C. ,  found  in  all  but  a  few  extreme  cases,  the  walking  speeds  of  pedestrlons  were  between  165  ond  360  feet  per 
minute.  Schultx  (3)  determined  in  tests  he  conducted  that  a  married  couple  carrying  two  smoll  children, should  be  copoble  of  troveling 
approximately  one  half  mile  ot  an  average  speed  of  350  feet  per  minute  or  approximotely  4‘mi!e5  per  hour,  when  they  know  the  time  avail¬ 
able  to  reach  o  shelter  is  limited. 

FrofTi  this  Information,  an  average  walking  speed  of  300  feet  per  second  appears  to  be  o  conservotlve  value  for  use  in  the 
absence  of  more  accurate  data.  This  value  assumes  an  orderly  population  movement  by  people  oware  that  the  time  ovoiloble  for  them  to 
take  shelter  is  limited.  If  data  giving  the  distribution  of  individual  walking  speeds  under  emergency  conditions. is  avoilable  It  should  be 
utilized  for  analysis  of  the  pedestrian  trofflc  problem. 

Walking  distances  are  the  distances  each  person  travels  following  streets  and  in  some  cos«  the  halls  or  possogewoy}  of  largs* 
buildings  to  reach  a  shelter  entrance.  In  the  coses  of  large  buildings,  the  walking  distances  inside  the  building  depend  upon  Its  construction. 
Each  one  must,  therefore,  be  analyzed  individually. 

For  an  area  in  which  streets  ore  loyed  out  in  o  basically  rectongulor  grid  pot*ern,  the  boundories  of  shelter  districts  should 
form  squares  intersecting  the  streets  at  45^^  angles.  Each  shelter  entronce  should  be  located  near  the  center  of  the  shelter  district.  It  can 
then  be  demonstrated  geometrically  in  figure  C-36  that  walking  distances  following  the  streets  are  equol  from  eoch  intersection  of  the  shelter 
district  boundary  and  a  street.  The  walking  distance  from  the  shelter  district  boundary  to  the  shelter  entrance  Is  the  maximum  wolking 
distance.  This  distance  is  equal  to  one  holf  the  diagonal  of  the  squore  forming  the  shelter  district. 

Walking  speed  and  the  pedestrian  traffic  period  determine  the  moximum  oHowoble  wolking  distance  and  thus,  the  moximum 
allowable  size  of  o  shelter-entrance  district.  The  maximum  ollowable  wolking  distance  may  be  calculated  by  the  formula: 


max  allow 


where  Dw  max  oMow  is  the  maximum  allowable  walkir>g  distance, 


is  the  walking  speed,  and  Tp  Is  the  pedestrian  troffic  period. 

By  simple  geometry  the  length  of  one  side  of  the  shelter  district  corresponding  to  a  given  moximum  allowable  walking  dlstonce 
max  ollow  0'’^  *1”^  “'■ea  of  the  district  is  2  ollow)^- 

To  obtain  a  most  conservative  value  of  the  moximum  ollowable  walking  distance  the  slowest  expected  walking  speed  should  be 
used.  A  higher  volue,  such  as  cn  overoge  wolking  speed,  con  be  used  to  determine  roughly  the  rriaximum  size  shelter  districts  which  should 
be  considered  for  o  given  warning  time. 

Congestion  of  pedestrlon  traffic  routes  will  obviously  slow  movement  to  shelters  and  it  may  deny  access  to  shelters.  In  resides- 
tiol  areas  ond  other  oreos  of  iov.'er  population  density  the  streets  ore  probably  odequate  to  hondle  all  pedestrian  traffic  without  congestion 
with  the  exception  of  the  orea  Immediately  surrounding  the  shelter  entrance.  In  large  buildings  congestion  rnoy  become  acute.  On  the  basis 
of  fire  safety  studies  conducted  by  the  National  Bureau  of  Stondords  (NB5),(  ^)o  ropid  flow  rote  of  persons  down  stoirwoys  is  45  persons  per 
minute  for  each  exit  unit  (I  exit  unit  =  22  inches  width).  Through  doorways  the  NBS  flow  rote  Is  60  persons  per  minute,  per  exit  unit. 

Based  on  these  flow  rates  Alexander  et  al  ^  ^  ^  determined  thot  in  a  toll  building  meeting  the  NBS  minimum  exit  requirement  for  fire  safety, 
(one  unit  of  stairwoy  exit  width  per  60  persons  on  eoch  floor),  it  would  be  possible  to  empty  only  the  lower  II  stories  in  a  15  minute  period. 
This  figure  assum^'s  that  no  elevotor  service  is  ovoiloble  after  the  ottock  worning  is  sounded.  It  is  apparent  thot  only  a  portion  of  the  people 
In  0  tall  building  would  be  able  to  leave  the  building  and  enter  on  underground  shelter  during  o  short  warning  period.  Similarly,  congestion 
of  pedestrian  traffic  routes  may  occur  In  densely  populated  oreos  with  norrow  streets  which  may  further  be  partially  blocked  by  stolled 
oi.itomoblles,  trucks,  and  buses.  The  NBS  standard  of  60  persons  per  minute  per  22  inches  width  moy  be  applied  here  to  indicate  whether 
cengestion  will  occur.  Each  particular  situation  of  this  type  requires  Individual  onolysts. 
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Figure  C-36.  Walking  Distance  to  Entrance 


e.  Entry  rote 


Entry  rate  Is  the  rote  people  pots  through  o  shelter  entrance  Into  the  shelter  Itself.  The  moxlmum  entry  rote  possible  at 
an  entrance  depends  upon  the  construction  end  dimensions  of  the  entrance.  In  many  Instonces  structure!  limitations  ossoclated  with  the 
design  of  doors  to  withstand  the  expected  blast  effect  will  determine  the  dimensions  of  on  entrance.  The  NBS  standards  of  45  persons  per 
minute  per  22"  width  entrance  unit  or  stairways  and  60  persons  per  minute  per  entrance  unit  through  doorwoys  may  be  applied  to  determine 
maximum  entry  rate.  It  is  apparent  that  the  use  of  stairways  should  be  avoided  in  the  design  of  shelter  entronces. 

The  number  of  people  inside  a  shelter  at  time  t  after  a  warning  is  sounded  will  be  the  integral  of  the  entry  rate, 


■  0  Is  the  time  a  warning  is  sounded, 
f.  Queuing 


where  N(t)  is  number  of  people  in  shelter,  E{t)  is  entry  rate. 


Queuing  at  o  shelter  entrance  occurs  if  the  arrival  rote  exceeds  the  maximum  entry  rate.  Since  structural  limitations 
determine  the  maximum  entry  rate  It  is  probable  that  some  queuing  will  occur  either  in  densly  populated  oreos  or  in  large  shelter  districts. ' 
If  queuing  does  occur  time  must  be  available  during  the  pedestrian  traffic  period  to  ollow  those  people  gothered  in  the  queue  to  en*?r  the 
shelter. 

The  rate  at  which  the  queue  forms  and  is  dissipated  is  the  difference  between  the  orrival  rote  and  the  entry  rate.  This 
may  be  expressed  mathematically  as:  •  ■  ,  . 

dQ(t)  =  A{t)  -  E{l) 


where:  Q{0  is  the  number  of  people  in  the  queue  ot  time^t 

A(t)  is  the  arrival  rate 
E(t)  is  the  entry  rote 

Integrating  this  equation  gives  the  number  of  people  in  the  queue  at  time,  t,  after  o  warning  is  sounded: 


A( T  )dr 


-jf  E(r)dr  =jr'  [A(r)  -  E(  r)]  dr 


The  formation  and  dissipation  of  o  queue  occurs  in  distinct  phoses.  During  the  Initial  period  after  the  warning  is  sounded 
the  orrivol  rote  is  less  than  the  rriaximum  entry  rote.  AM  people  orriving  at  the  entrance  during  this  period  enter  the  shelter  directly  and  no 
queuing  occurs.  As  soon  os  the  arrival  rote  exceeds  the  maximum  entry  rote  o  queue  commences  to  form.  The  queue  increases  until  the 
arrival  rate  falls  below  the  maximum  entry  rote.  When  the  orrivol  rote  foils  below  the  maximum  entry  rate,  the  flow  of  people  through 
shelter  entrances  will  continue  at  the  maximum  entry  rote  until  the  queue  is  dissipoted.  WVien  the  queue  is  dissipated  the  entry  rote  is 
ogain  identicol  to  the  orrivol  rate.  It  should  olso  be  noted  that  the  entry  rote  will  obviously  become  zero  at  the  time  the  capacity  of  a 
shelter  is  reached  or  at  the  time  the  blast  doors  are  closed.  In  anolyzing  the  pedestrian  traffic  problem  it  is  necessory  to  ollow  time  for  the 
dissipotlon  of  the  queue  during  the  pedestrian  traffic  period, 

3.  Analysis  of  the  Pedestrian  Traffic  Problem 

Analysis  of  the  pedestrian  involves  basically  the  following  steps.  The  orrival  rote  must  first  be  determined  for  a  given  shelter 
district.  Then  for  o  given  maximum  entry  rote,  the  time  required  for  the  totol  populotion  Pfotol  of  the  given  shelter  district  to  enter  the 
shelter  is  determined.  This  is  done  by  determining  the  time,  t,  after  the  worning  is  sounded  that  the'  integral  of  the  entry  rate  equals 

the  total  population,  that  is:  ^t 
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Figure  C-39.  Arrivol  Rote  vi  Elopjed  Warning  Time 


The  time,  required  for  the  total  population  to  enter  the  shelter  is  then  compared  with  the  time  avoilabie  to  take  shelter. 

If  time,  t,  is  less  than  the  time  available,  the  combination  of  shelter  district  size  and  maximum  entry  rote  of  the  entrance  ore  acceptable. 
When  time,  t,  is  equal  to  the  time  ovailoble,  the  minimum  acceptable  combination  exists.  If  the  time  required  to  enter  the  shelter  is 
greater  than  the  time  available,  either  the  size  of  the  shelter  district  must  be  decreased  or  the  maximum  entry  rate  of  the  shelter  increased 
in  order  to  offer  protection  to  the  entire  population  of  the  shelter  district. 

Arrival  rate  is  the  most  difficult  foctor  to  predict  occurotely  in  analyzing  the  pedestrian  traffic  problem  and  determining  shel¬ 
ter  entronce  requirements.  The  occurocy  depends  upon  the  amount  and  detoil  of  data  available  and  the  analytical  procedures  used. 

A  rough  approximation  of  arrival  rote  con  be  made  by  assuming  a  uniform  population  density  throughout  a  shelter  district 
and  using  overage  volues  of  walking  speed  and  reaction  period.  Walking  distances  are  assumed  to  be  along  streets  laid  out  in  a  rectangular 
grid  with  shelter  district  boundaries  intenecting  there  at  45®  angles  as  developed  later.  These  approximations  lead  to  a  simple  straight 
line  graphical  solution  of  the  pedestrlon  traffic  problem. 

During  the  reaction  period  from  time  zero  to  time,  t^,  it  is  assumed  that  nobody  arrives  ot  the  shelter  entrance,  thus: 

A(t)  =  0  0<t  <  .... 

At  time  t  ,the  reaction  period  ends,  the  people  leave  the  locale  of  their  daily  activities,  and  those  in  the  immedtotely  adja-  * 
cent  area  arrive  at  the  shelter  entrance.  Thus  at  time,  t^,  the  pedestrian  traffic  period  begins. 

Since  an  average  value  of  walking  speed  S  is  ossumed,  the  time  required  for  all  people  ot  walking  distance,  to  travel 
that  distance  to  the  shelter  entrance  is: 


V  <  »  <  ^2 


The  time,  t2,denotes  the  time  that  the  last  segment  of  the  population  in  the  shelter  district  reaches  the  shelter  entrance.  It  is 
related  to  the  moximum  walking  distance  Dw  max  equation: 


The  area  (  )  within  a  given  walking  distance,  ts  given  by:  =  2 

2 

Since  a  uniform  population  density  is  assumed,  the  population  in  this  oreo  is:  P(l^vv)  ”  ^^d^w^ 


Differentiating  this  quantity  gives  the  number  of  people  in  an  incremental  square  ring  (figure  C-37)  N^ho  must  travel  a  walking 
distance  to  the  entrance:  .  , 

_ _ =  4  p  ,  0  A 

d  D  ^  ^  ^ 


The  number  of  people  arrivir>g  at  the  entrance  at  rime,  t,  between  t  and  t2  is  identical  to  the  number  of  people  traveling 
the  corresponding  walking  distance  0^, 

Changing  the  independent  variable  from  to  t  yields  the  arrival  rote:  A{t)  =  =  4  (t-tj.)  t'j.<  t  <  tj 

It  is  noted  this  is  a  linear  equation  of  the  form:  A(t)  =  C(t  - 

At  time  t2  the  last  group  of  people  arrive  at  the  entrance  after  traveling  the  maximum  walking  distance,  D  .  After  time 
tj.  the  arrival  rote  is  assumed  to  be  zero,  A(t)  =  0  t  >  t2 

The  arrival  rate  A(t)  can  easily  be  plotted  versus  time,  t,in  this  simplified  analysis,  os  shown  in  figure  C-38. 

The  integrol  of  A(t)  is  the  total  number  of  people  in  the  shelter  district  who  hove  reoched  the  shelter  entronce  at  time  t.  In 
this  linear  case,  the  triangular  area  under  the  A(t)  curve  between  times  and  t2  (shown  shoded  in  figure  C-38)gives  this  value  quite  readily. 
At  time  t2  the  area  under  the  vurve  between  t^  and  t2  represents  the  total  population  of  the  district  if  the  shelter  capacity  is  greater  than 
the  total  population.  Since,  in  this  straight  line  model,  the  maximum  orriva!  rate  A^^  occurs  ot  tim^.t2,  this  volue  Is  related  directly 
to  the  totol  population,  of  the  district: 

A  =  2  .  innoA 2  X  100% 


It  con  be  seen  from  this  equation  that  for  a  short  pedestrlon  trofflc  period  in  heavily  populated  areas  the  hwxlmum  orrival 
rote  is  quite  large.  It  is  likely  that  the  arrival  rate  will  exceed  the  maximum  entry  rate  and  queuing  will  occur.  If  this  is  the  cose,  it  Is 
necessary  to  determine  the  time  required  to  dissipate  the  queue.  The  lineor  representation  of  orrivol  rate  lends  itself  readily  to  a  grophlcol 
solution  of  the  problem.  ' 

The  first  step  of  this  solution  is  to  superimpose  the  entry  rote  curve  upon  the  plot  of  arrival  rate  versus  time  as  shown  In  figure 
C-39.  These  two  curves  coincide  until  the  arrival  rate  reochei  the  maxirnum  entry  rate  ot  time  t  .  At  this  point  the  entry.raf^'V/lll  remain 
constont  at  until  time  t^  when  the  queue  is  dissipated.  At  time  everyone  has  entered  the  shelter,  the  pedestrian;  traffic  period  is 
completed,  and  the  entry  rate  becomes  zero  again.  Entry  rote  thus  con  be  expressed  mothematically,  os  follows: 

A(t)  0  <  t  <  t| 

*1  ^  ^  'p 

0  •  >  V 


Since  the  arrivol  rate  Is  assumed  to  drop  to  zero  of  time,  tj,  while  the  entry  rote  continues  at  E  until,  time  t  ,  the  integral 
Emqx  ftom  time  ^2  'p'  '*  number  of  people  that  were  in  the  queue  at  time  >2-  Therefore,  flie  following  r^otionship  exists 

in  this  specio!  cose:  xt2  _  xt 

Q(t2)=j^  [aw  -  ]  dt  dt 


^max 
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These  two  Integrals  are  represented  by  the  two  shaded  areas  I  and  11  of  figure  C-  39  The  length  of  time  required  to  dissipate 
the  queue  is  thus  given  by:  /  .  /i  v 


P  2 


2  E„ 


tp  -  tj,  therefore: 


The  length  of  the  pedesirian  traffic  period  Tp  is  now  just  the  sum  of  the  arrival  period  t^  -  t^  and’the  queue  dissipation  period 

T  =  (to  -  t J  +  (t  -  tj)  ==  t  -  t 
p^rp^Pr 


In  situations  where  queuing  occurs,  it  is  now  possible  to  plot  a  family  of  curves  of  the  maximum  entry  rote  required  versus  the 
length  of  the  pedestrian  woftcing  period  for  various  arrival  periods  (t2  -  t^).  This  is  done  in  figure  C-40.  If  a  value  of  walking  speed  Sw  *'* 
assumed,  then  each  arrival  period  (t2  -  t^  curve  corresponds  to  o  maximum  walking  distance  The  upper  end  of  eoch  curve  terminates 

ot  the  maximum  arrival  rote  for  that  arrival  period. 


The  curves  of  figure  C-40  may  now  be  used  to  determine  roughly  the  entrance  requirements  of  o  given  region.  This  can  be 
illustrated  by  on  example.  Assume  thot  o  region  has  a  uniform  pooulotion  distribution  of  6000  persons  per  square  mile.  Taking  the  cose  of 
o  night  attack  on  a  residential  orea,  let  the  overoge  reoction  per'od  be  5  minutes  and  allow  o  I  minute  sofety  margin.  For  a  15  minute  wornir>g 
this  leaves  a  pedestrian  traffic  period  of  9  minutes.  Assume  on  overage  walking  speed  of  3  miles  per  hour  or  265  feet  per  minute.  Entrances 
to  the  shelter  system  are  to  be  8"  diameter  culverts  with  butterfly  type  blost  doors  mounted  on  o  center  post.  Eoch  entrance  will  thus  have  o 
maximum  entry  rate  of  opproximotely  120  persons  per  minute  (2  entrance  units)  dictated  by  its  structure.  It  is  desired  to  determine  the  number 
of  entrances  required  and  the  size  of  the  shelter  districts  they  will  serve. 

Going  to  figure  C-40  ,  maximum  walking  distances  of  shelter  districts  con  be  Qssigr>€d  to  each  t2  -  t^.  curve  since  an  overage 
walking  speed  of  =  265  feet  per  minute  is  assumed.  These  ore  tobuloted  in  the  following  toble.  The  areas  of  each  shelter  district, 
a  =  2(Dy^  mox)^  population  of  each  shelter  district,  pja  ,  ore  then  calculated  ond  listed  in  this  table.  Using  the  values  of 

Emox  required  for  each  walking  distance  with  a  9  minute  pedestrian  traffic  period  os  token  from  figure  C-40,  the  required  entry  rotes  for 
each  size  shelter  district  ore  calucloted  ond  added  to  the  table.  It  con  be  seen  that  for  o  moximum  entry  rote  of  120  persons/min  dictated 
by  the  entrance  structure,  the  largest  shelter  district  In  on  area  of  the  given  populotion  density  hos  o  maximum  walking  distonce  of  a  little 
more  than  1/4  mile  and  on  oreo  slightly  greater  than  1/8  square  mile. 


’2-*r 

^w  max 

(mi) 

a=2  D  ^ 

*  ^w  mox 

P(D,,)=PdO 

Required  E^jx 

(people/shelter 

for  T  =9  min 

(min) 

(ft.) 

district) 

(peopie/min) 

3 

795 

.15 

.045 

270 

30 

4 

1060 

.20 

.080 

480 

55 

5 

1325 

.25 

.125 

750 

90 

6 

1590 

.30 

.180 

1080 

140 

7 

1855 

.35 

.245 

1470 

200 

8 

2120 

.40 

.320 

1920 

300 

9 

2385 

.45 

.405 

2430 

540 

Since  through  streets  are  laid  out  every  quorter  mile  in  mony  cities,  o  system  of  shelter  districts ’vyith  maximum  walking  dis¬ 
tances  of  f/4  mile  would  be  a  reasonable  choice  in  this  example.  In  generol,  it  is  more  desiroble  to  hove  o  large  number  of  smoll  entrances 
serving  small  dispersed  shelter  districts  than  to  hove  a  small  number  of  lorge  entronces  serving  lorge  shelter  districts.  For  this  reason  multiple 
culvert  entrances  at  o  single  location  ore  not  considered. 


If  the  1/8  square  mile  shelter  districts  arc  chosen  the  length  of  the  pedestrian  troffic  period  con  be  token  from  figure  C-4Cl.  for 
the  120  person/min  =  E  For  the  6000  persons  per  square  mile  populotion  density  the  pedestrian  troffic  period  is  7.3  minutes.  If  tir' 
population  of  this  area  snould  increase  to  8000  persons  per  square  mile  the  pedestrion  traffic  period  for  the  entrance  would  be  9  minutes! 


The  major  weokness  of  this  rough  analysis  is  the  use  of  overage  values  of  walking  speeds  ond  reoction  time.  No  allowonce  ii 
made  for  individual  variations  of  these  two  quantities.  If  these  voriations  are  token  into  occount  in  some  monner,  the  arrival  rnte  as  a 
function  of  time  will  not  be  o  straight  line  relationship,  ond  analysis  of  the  problem  becomes  more  involved. 


One  approach  to  the  problem  of  determining  arrivol  rote  more  occurately  is  the  assumption  of  stotistical  distributions  of  wolktng 
speeds  and  of  reaction  times.  In  this  approach  a  uniform  populotion  density  is  still  ossumed  throughout  a  shelter  district  of  a  given  size. 

The  shelter  district  is  broken  up  Into  finite  square  rings  corre»iponding  to  given  finite  increments  of  wolktng  distance.  Individual  walking 
speeds  ond  reaction  times  ore  each  taken  to  fit  a  norma*  distribution  obout  a  meon  voluc  with  95%  of  the  distribution  foiling  between  specified 
upper  ond  lower  limits.  Using  the  distribution  of  walking  speeds,  the  wolking  distonce,  and  the  population  of  each  squore  ring,  o  distribution 
of  the  number  of  people  versus  the  time  required  to  trovel  that  wolking  distonce  is  compiled  for  eoch  ring.  These  distributions  ore  then  added 
to  get  a  distribution  of  populotion  of  the  shelter  district  versus  the  time  spent  traveling  to  the  shelter  entrance.  This  distribution  is  finally 
combined  with  the  distribution  of  reaction  times  to  obtain  the  orrivol  rote  os  o  function  of  time. 


Alexonder  et  ai  (  6  )  used  this  procedure  to  evaluote  a  shelter  district  with  1350  ft  maximum  walking  distance  in  o  residentiol 
oreo  under  night  attack.  They  assumed  a  15  minute  warning  time,  of  which  I  minute  wos  ollowed  os  o  sofety  margin  period.  A  mean 
walking  speed  of  225  ft/mln  with  95°c  of  the  populotion  on  o  normal  distribution  between  180  and  330  ft/min  was  used.  Reaction  times 
were  ossumed  to  be  a  normal  distribution  with  o  meon  volue  of  5  minutes  and  95%  of  the  cases  between  3  and  7  minutes.  Using  the  procedure 
outlined  obovc  they  obfoined  the  distribution  of  arrival  rate  as  a  function  of  time  shown  in  figure  C-41 . 


Using  this  opprocch,  the  moximum  arrival  rote  obtolned  wos  23.3%  of  the  shelter  district  population  per  minute  occurring  9 
minutes  after  the  worning  Is  sounded.  This  Is  appreciably  (ess  thon  the  corresponding  values  of  35%  occurring  at  10.3  minutes  after  the 
worning  is  sounded  cs  taken  froni  figure  C-40,  and  assuming  o  5  minute  reaction  time,  o  maximum  walking  distance  of  1350  ft,  and  a  255  ft/nin 
walking  speed  yielding  t^  -  t  =5.3  minutes.  This  points  out  that  the  maximum  orrivol  rote  predicted  by  the  straight,  line  orrivol  rate  curve 
v;ill  be  higher  than  shoula  acfuolly  be  expected. 


Figure  C-40.  Wolking  Period  vs  Populot»on 

The  time  required  for  everyone  to  enter  q  shelter  with  various  nnDximum  rotes  con  be  opprooched  in  o  monner  sirnilar  to  thot 
used  for  the  straight  line  orrival  rote.  However,  the  actual  analysis  is  a  little  more  involved  since  the  oreos  being  compared  ore  not 
regular  triangles  and  rectangles .  Three  major  methods  of  analysis  ore  ovoiloble  in  this  case: 

Graphical  analysts  using  o  plonimefer  or  counting  squores 
Experimental  analysis  using  o  physical  analogy 
Analog  computer  analysis 

Grophicol  analysis  uses  exactly  the  same  method  as  used  with  the  straight  line  orrivol  rate  curve.  The  entry  rote  is  super¬ 
imposed  on  the  arrival  rate  plot  os  shown  for  the  preceedlng  example  in  Figure  C-42.  The  oreo  under  the  arrival  rate  curve  and  above  the 
maximum  entry  rote  curve  between  t  ,  ond  tj  is  determined  either  by  counting  squores  or  by  use  of  o  plonimeter,  (shaded  area  I  in  figure 
C-42).  This  area  represents  the  number  of  people  in  the  queue.  The  orea  under  the  maximum  entry  rate  and  above  the  arrival  rate  curve, 
(shaded  orea  II  in  figure  C-42)  is  determined  such  thot  at  time,  it  is  equol  to  the  area  I.  The  queue  is  dissipated  at  time,  t^.  In  the 
example  shown  in  figures C-4!  and  C-42  the  moximum  entry  rote  required  for  everyone  to  enter  the  shelter  entrance  in  14  minutes  after  the 
worning  is  sounded  is  11.5%  of  the  shelter  district  populotion  per  minute.  (7)  The  corresponding  required  maximum  entry  rate,  11.2%  of 
the  population/min.  Interpolated  from  figure  C-40  for  the  straight  line  arrival  rote  model  comperes  quite  favorably  with  that  obtained  by 
this  more  sophtsticoted  approach. 

If  the  above  process  is  repeated  for  various  moximum  entry  rotes,a  plot  of  rrKJximum  entry  rate  versus  the  time  required  for  the 
total  population  to  enter  the  shelter  could  be  mode.  It  would  be  similor  to  o  single  curve  of  figure  C-40.  Going  through  this  entire 
process  for  various  sizes  of  shelter  districts  would  yield  o  fomily  of  curves  similar  to  figure  C-40,  but  taking  into  account  varlotions  in 
reaction  times  ond  walking  speeds. 

Experimental  analysis  using  o  physical  onalogy  employs  physical  quontltites  to  simulate  the  movement  of  people  to  the  en¬ 
trance,  the  flow  of  people  through  the  entrance,  ond  the  formotion  ond  dissipotion  of  o  queue. 

One  physicol  analogy  which  might  be  used  is  o  water  tonk  shown  schemoticol ly  in  figure  C-43.  Flow  of  water  into  the  tank 
is  regulated  by  a  calibroted  volve.  This  flow  into  the  tank  is  voried  in  proportion  to  the  orrival  rate.  Flow  out  of  the  tank  Is  regulated 
by  onother  valve  set  at  a  volue  proportional  to  the  maximum  entry  rote.  The  accumulation  of  woter  in  the  tank  then  represents  the  number 
of  people  in  o  queue  at  the  shelter  entronce.  The  time  required  for  the  tonk  to  drain  Is  proportiono)  to  the  time  required  for  the  total 
population  to  enter  the  shelter.  Repeated  experiments  for  various  outlet  flow  rote  settings  will  enable  plotting  maximum  entry  rate  required 
versus  the  time  required  for  the  populotion  to  enter  the  shelter.  The  main  disodvontoges  to  this  physical  onofog  onolysis  are  difficulty  in 
constructing  the  apporotus  required  to  produce  occurote  results,  ond  the  relatively  long  time  required  to  run  o  series  of  experiments. 
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Figure  C-43.  Enirance  Analogy  to  Water  Tank  Valve 

Analog  computer  onalysis  may  be  used  to  obtain  the  some  type  of  information  obtained  from  a  physical  analogy.  The  analog 
computer  uses  electrical  voltoges  Insteod  of  physical  substances  to  represent  the  movement  of  people  into  shelters.  In  general,  solutions 
can  be  obtained  more  rapidly  and  more  accurately  with  the  analog  computer  once  it  is  set  up  to  simulate  a  problem. 

The  application  of  an  analog  computer  in  the  solution  of  the  pedestrion  traffic  problem  depends  primarily  upon  the  integrators 
found  in  modern  analog  computers  and  upon  the  function  generating  capabilities  of  the  portlcular  computer  used. 

An  anolog  computer  Integrator  is  designated  by  the  symbol: 


With  time  of  integrator  operotion  proportional  to  the  Independent  vorioble  of  a  problem,  the  output  voltage  is  the  negotlve  of  the  fnitiol 
condition  voltage,  1C,  plus  the  Integral  of  the  total  input  voltages,  thus: 

Vout=  -j  £  [Vr  .  ]dr  +  1C  j 

Note  tkaf  the  output  is  opposite  in  sign  to  the  input.  This  is  true  for  both  integrotors  ond  for  summers  of  on  onolog  computer. 

A  sumrr>er  is  designoted  by  the  symbol: 


The  output  voltage  of  o  summer  is  the  negative  of  the  instontoneous  sum  of  the  input  voltages,  thus: 

V„ur=  -  [Vi^Vj.Vg.  .....] 

The  outputs  of  arvalog  computer  components  which  represent  signiflcont  physicol  quantities  or  problem  solutions  ore  usually  displayed 
graphically.  Oscilloscopes,  recording  golvonomcter  strip  chorts,  ond  X-Y  plotters  ore  the  most  commonly  used  recording  instruments  used 
with  onolog  computers, 

If  the  input  voltages  of  on  infegrotor  represent  the  orrivol  rate,  A(t),  ond  the  negative  of  the  entry  rote,  “E(t),  the  output 
voltage  of  the  integrotor  will  be:  rt 

^ou."  ■  [A(0-E(r)  ]  dr  =  -Q(0 

J  o 

As  developed  previously,  this  integral  is  the  number  of  people  in  the  queue,  Q(t).  Therefore,  either  one  of  the  arxjlog  computer  setups  of 
figure  C-44  will  give  the  number  of  people  in  the  queue  os  a  function  of  time. 
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The  Kme  thot  Q(t)  reaches  zero  ogoin  offer  reaching  o  maximum  volue  is  fhe  time,  t«,  thot  the  queue  is  dissipated.  This 
sofution  gives  o  graphicol  disploy  queuing,  if  it  occurs.  Repeated  runs  for  various  combinotions  or orrivol  and  entry  rote, display  the 
interrelotionship  between  these  two  variobles  upon  the  formotion  or»d  dissipotion  of  the  queue. 

When  the  entry  rote  E(t)  is  known,  the  number  of  people  who  hove  entered  the  shelter,  N{t),  con  be  determined  since  N(t) 
is  the  integrol  of  the  entry  rote  E(t)  as  shown  previously.  Thus,  the  onotog  computer  setups  feeding  >-£(0  into  on  integrator,  figure  C'”45, 
produces  the  solution  for  N(t). 

This  setup  gives  o  graphical  solution  of  the  number  of  people  in  the  shelter  os  o  function  of  time. 

It  must  be  remembered  that  the  entry  rote  E(t)  depends  upon  the  orrivol  rote  A(t).  Thus,  while  A(t)  does  not  appear  explicitly 
in  the  setup  of  figure  C“  44  ,  it  is  required  in  order  to  generate  the  entry  rote  E(t). 

The  above  program  was  set  up  on  the  University  of  Arizona,  Department  of  Nuclear  Engineering,  CSE  5800  DYSTAC  Analog 
Computer.  The  orrivol  rate  of  figure  C-41,  os  approximated  by  o  20  segment  Diode  Function  Generotor;  wos  the  input  used.  The  effects 
of  voriation  of  maximum  entry  rate  were  investigoted .  Selected  results  of  the  onolog  computer  solution  are  presented  in  the  following  table. 
The  size  of  the  queue  as  a  function  of  time  offer  the  warning  is  sounded,  Q(t),  is  shown  in  figure  C -46  for  three  values  of  moximum  entry 
rate,  The  number  of  people  inside  the  shelter  os  a  function  of  time,  N(t),  ore  shown  for  these  same  maximum  entry  rates  In  figure 

C-47.  All  of  the  curves  of  figures  C-46  ond  C-47  were  obtained  directly  from  the  analog  computer  in  repetitive  operation. 
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It  con  be  seen  that  the  displays  ovalloble  from  the  analog  computer  give  a  much  more  complete  picture  of  the  pedestrian  traffic  problem  than 
other  slower  and  more  Involved  methods  of  solution.  Once  the  computer  is  set  up,  o  ropid  analysis  of  the  problem  using  more  realistic 
values  of  arrival  rate  than  the  crude  straight  line  opproximotion,  used  eoHler,  can  be  mode  quite  easily.  The  onolog  computer  onalysis  h 
further  superior  to  the  graphical  onalysis,  and  to  the  experimental  physicol  onolog  onalysis,  in  that  the  speed  solutions  of  moderotely  good 
accuracy  con  be  obtoined. 


In  summary  it  should  be  emphasized  that  any  solution  of  the  pedestrion  troffic  problem  orising  in  movement  of  the  populotion 
to  shelter  during  a  given  worning  time  Is  extremely  dependent  on  the  orrivol  rote.  The  validity  of  the  arrivol  rote,  used  for  onalysis  of  the 
problem,  depends  upon  how  well  the  actual  distributions  of  population,  walking  speeds,  walking  distonces,  ond  reoctioo  times  correspond 
with  those  used  in  the  analysis.  Two  analytical  approaches  hove  been  treated  in  detail  on  the  following  page:  the  straight  line  model  using 
average  values;  and  the  approach  using  normal  distributions  of  walking  speeds,  ond  reoction  times,  while  ossuming  a  rectongulor  grid  street 
pattern  and  uniform  population  density. 


Figuic  C-44,  Configurotion  to  Determine  Number  in  Queue 
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Figure  C-48.  Comparator  on6  Oisptay 


Once  the  arrival  rote  A(t)  li  generated  on  the  computer  if  most  bo  modified  in  order  to  generate  the  entry  rote  E(t).  One 
meam  of  performing  the  neceijory  operations  to  obtain  E(t)  employs  o  limiter  network  ond  on  integrotor  setup  in  on  X-Momory  configurotlon. 
This  network  is  shown  in  figure  C*49,  with  the  woveforms  produced  by  each  stage  also  shown  in  figure  C-49. 


Figure  C-49.  Limiter  Network  ond  Disploy 

The  orrivol  rote,  A(t),  is  fed  into  o  limiter  wh^ih  limits  this  voltage  ot  the  maximum  entry  rote  Eft).  This  produces  the  wave¬ 
form  denoted  A(t)||,^  in  the  coses  where  the  maximum  entry  rote  is  less  than  the  maximum  on-ival  rote.  When  Aft)  exceeds  queuing 

begins  at  time  tj^.  When  Aft)  drops  below  at  time  tj  ihe  queue  commences  to  dissipate.  In  order  to  hold  the  entry  rote  at  E^x  v 
until  the  queue  is  dissipated  the  X-Memory  is  used.  The  X-Memory  follows  Aft)|j^  from  time  zero  to  time  t|.  At  time  tj,  the  X-Memory 
Is  switched,  storing  the  value  of  Aft)|;,g,  which  is  E^g^,  until  time  t3.  When  the  queue  is  dissipoted  ot  time  tj  the  X-Memory  is  switched 
to  follow  Aft)||^  again.  This  produces  a  step  drop  in  the  X-Memory  output  at  time  tg.  Thus  the  X-Memory  output,  taking  into  account 
the  change  of  sign  in  Its  operation,  is  the  entry  rate  Eft).  * 

These  basic  analog  computer  setups  can  be  combined  to  produce  o  complete  solution,  to  the  pedestrian  traffic  problem.  The 
complete  problem  setup  is  diagrammed  in  figure  C-50.  Note  that  the  integrator  output  Qft)  is  fed  into  0  Comparator  to  produce  the  proper 
switching  of  the  X-Memory  at  times  t|  and  t^.  Voltages  corresponding  to  oil  of  the  variables  of  interest  in  this  problem  ore  oVoiloble  in 
this  analog  computer  setup. 

A  repetitive  analog  computer  provides  the  optimum  utilization  of  the  above  program.  With  a  repetitive  computer  o  complete 
solution  of  this  problem  is  generoted  repeatedly  mony  times  eoch  second.  An  oscilloscope  is  synchronized  to  the  frequency  of  the  computer 
operation  to  produce  a  static  display  of  the  desired  dependent  varioble.  Then  os  o  parameter  of  the  problem  such  as  the  maximum  entry 
rate  E^gx  o'  orrivol  rote  Aft)  is  varied  in  some  manner,  the  effect  of  this  variation  is  displayed  instantly  upon  the  oscilloscope.  The 
computer  operator  can  thus  determine  visually  the  effect  of  variation  of  a  parameter  upon  the  different  variables  of  the  problem.  This 
greatly  facilitates  on  optimization  of  the  problem  solution  to  desired  criterio  such  os  worning  time,  maximum  queue,  or  o  given  portion 
of  the  population  within  the  shelter  in  a  given  time. 
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Figure  C-SO.  Combined  Logic  Diagram 
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